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16. Abstract 
Roald roughness i s  o f  i n t e r e s t  t o  highway engineers wor ldwide because o f  
i t s  d i r e c t  i n f l u e n c e  on t h e  road users '  comfor t ,  s a f e t y  and v e h i c l e  wear; a l l  
o f  which u l t i m a t e l y  impacts on road  user  cos t s .  A p e r s i s t e n t  problem i n  
advancing t h i s  technology i s  how t o  bes t  c h a r a c t e r i z e  roughness and c a l i b r a t e  
t he  wor ldwide measurements t o  a standard. 
Th i s  r e p o r t  presents  a t echn i ca l  d i scuss ion  o f  road roughness and t h e  
measurement processes commonly i n  use today. The r a t i o n a l e  f o r  an o b j e c t i v e  
s e l e c t i o n  o f  a roughness measurement standard must r e f l e c t  t he  r e l a t e d  i n t e r -  
a c t i o n  w i t h  road-us ing veh i c l es  and t h e  e f f e c t s  o f  t r a v e l  speed. On t h a t  bas i ;  
t h e  measur~es o f  suspension d e f l e c t i o n s  ob ta ined  w i t h  roadmeters, as p r a c t i c e d  
today, i s  seen as reasonable i f  v a l i d  c a l  i b r a t i o n  methods a re  developed. 
Among a l t e r n a t i v e  approaches t o  c a l i b r a t i o n  methods, t h e  most s t r a i g h t f o r w a r d  
i s  a d i r e c t  measurement o f  t he  road p r o f i l e  which can be processed t o  e x t r a c t  
t h e  roughncess measurement, such as t h e  p r o f  i lometer /quar te r -ca r  s imu la t i on  
method t h a t  has been used i n  t h e  U.S. 
Recommendations f o r  develop ing standard c a l  i b r a t i o n  methods f o r  
wor ldwide use a r e  presented. 
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Introduction 
The roughness of road surfaces has been long recognized as an 
important measure of i t s  performance. Roughness has a direct influence 
on ride comfort, safety, and vehicle wear [ I ] ,  by dynamic excitation of 
the vehicle. In turn, the dynamic wheel loads produced are implicated 
as causative factors in roadway deterioration. The term "roughness," 
as used here, means the variations in surface elevation along a road 
which excite vibrations in traversing vehicles. 
As a consequence, the characterization and measurement of road 
roughness i s  of interest to highway engineers worldwide. In  the United 
States, ride comfort has been emphasized because i t  i s  the manifesta- 
tion of roughness most evident t o  the public. This philosophy has 
resulted in the concept of Present Serviceability Rating [2] used 
broadly throughout the United States t o  judge road roughness qua1 i ty .  
In less developed countries, this same emphasis i s  no t  as appro- 
priate. Faced with 1 imi ted resources, they must choose between quantity 
and quality in the development of public road systems. Optimizing 
road transport efficiency invol ves trade-offs between the high ini t ial  
costs of smooth roads and the high user operating costs of poor roads. 
Hence, studies of the road user cost relationship t o  roughness are 
underway in India [3], Brazil [4], Kenya [5], and other locations. User 
costs are generally quantified in terms of fuel, o i l ,  t i r e s ,  rnainten- 
ance parts, maintenance labor and  vehicle depreciation, though often 
excluding other costs consequences of roughness associated w i t h  speed 
1 imi1:ati ons , accidents and cargo damage. 
A presistent problem i n  these studies, as well as elsewhere i n  the 
world, i s  how t o  characterize the roughness of a road i n  a universal, 
consiistent and re1 evant manner. The popular methods currently in use 
have been developed from a practical approach t o  the problem without a 
thorough technical understanding. As a result,  the rela tionship between 
different measurement methods i s  uncertain, as i s  also the relevancy 
to riide comfort or road user costs. The deficiencies in technical 
understanding have been manifest in inabil i t y  t o  control the measure- 
ment process, so t h a t  measurements from different locales, different 
times or different equipment cannot be compared. To solve this problem, 
universal standards for road roughness measurement are needed so that 
the n~easurement systems may be appropriately calibrated. Only then, 
by relating the measurements t o  a standard, will they become comparable, 
achieving the objectives of having transportable and time-stab1 e road 
roughmess measures. 
In response t o  this problem in the United States, research has 
been conducted [6] which has resulted in a new level in understanding 
the roughness measurement process t o  the point that a standard has been 
proposed, along with means for calibrating measurement systems t o  that 
standard. This paper applies the findings of t h a t  research ta the 
worldwide problems incident t o  standardization of road roughness measure- 
ment. The discussion f i r s t  examines the practices used in roughness 
measurement t o  clarify the differences. Thence, a standard for rough- 
ness measurement i s  proposed, and a1 ternative methods for cal i brating 
t o  th~e standard on a worldwide basis are evaluated. The main areas in 
which the techno1 ogy can be app l  i ed t o  improve roughness measurement 
practice are high1 ighted in a series of recommendations a t  the end. 
Background -
Road roughness is  envisioned most readily as the profile of the 
vertical -1ongi tudinal dimensions along the wheel tracks in the road. 
Generally speaking, the profile is  random in nature, b u t  may be charac- 
terized by the amplitudes and wavelengths i t  contains. Using methods 
of random signal analysis, the profile can be equated t o  the super- 
posit.ion of a series of sine waves having specific ampl itudes and phase 
relat,ionships. Thence, the roughness can be described by a Power 
Spectral Density (PSD) which represents the ampl i tude distribution across 
the wavelength spectrum. Figure la shows the PSD of a typical road 
elevation profile. In the p l o t ,  wave number (l/wavelength) i s  used t o  
represent the spacial frequency. The profile can also be represented 
Wave Number (cycl e s / f t )  
Figure l a .  Typical PSD of Road Prof i le  Elevation 
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f 
' igure 1 b. Typical PSD of Road Slope 
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Figure Ic.  Typical PSD of Road Slope Derivative 
equa l l y  we l l  by the  PSD o f  s lope ( t h e  spacia l  d e r i v a t i v e  o f  e leva t i on )  
as shown i n  F igure l b ,  o r  the d e r i v a t i v e  o f  s lope as i n  F igure  l c .  
When the PSD i s  p l o t t e d  on l i n e a r - l i n e a r  coordinates, the area under 
the  curve i s  t he  mean square value o f  t he  amp1 i tude var iab le .  Under- 
s tanding t h i s  r e l a t i o n s h i p  adds great  i n s i g h t  t o  the i n t e r p r e t a t i o n  o f  
road roughness measurements. For example, t he  mean square value o f  the  
t o t a l  PSD w i l l  be i n f i n i t y  unless i t  i s  s p e c i f i c a l l y  constra ined t o  a 
1 imiited wave number band. Thus any measure o f  roughness amp1 i tude w i l l  
o n l y  be meaningful i f  i t  i s  1 im i  t ed  t o  a s p e c i f i c  wave number band. 
Though no t  recognized i n  t h i s  way, a l l  roughness measurement devices, 
o f  necessity,  cover a l i r n i  t ed  wave number band which i s  va r i ab le  w i t h  
the  devices. Fur ther ,  they do n o t  measure u n i f o r m i t y  over  the  band, bu t  
vary i n  t h e i r  response as a func t i on  o f  wave number. And, l a s t l y ,  they 
do n o t  measure the  mean square s t a t i s t i c ,  bu t  a1 te rna te  forms o f t e n  
invol lv ing r e c t i f i e d  s ignals.  
Review o f  Roughness Measurement P rac t i ce  
I n  an e f f o r t  t o  q u a n t i f y  road roughness proper t ies ,  highway 
engineers have devised many types o f  equipment, each general l y  fa1 1 i n g  
i n t o  one o f  two c l  asses--di r e c t  and vehicle-response-type measurement 
systems. D i r e c t  measurement devices a re  intended t o  measure s p e c i f i c  
proper t ies.  o f  t h e  road sur face independent o f  t h e  opera t ing  speed (even 
though, i n  f ac t ,  the  operat ing speed must be c o n t r o l l e d  t o  ensure the 
system func t ions  proper ly ) .  Such devices a re  the  CHLOE, r o l l  i n g  s t r a i g h t  
edges and var ious types o f  p ro f i lometers .  Vehicle-response systems, as 
the riame impl ies,  a r e  intended t o  q u a n t i f y  roughness by a measure o f  
t he  roughness-induced v i b r a t i o n  response of an automotive veh ic le  ( o r  
s i m i l a r  system) even though known t o  be inf luenced by speed and o t h e r  
fac tors .  This  l a t t e r  c lass  inc ludes the Mays Meters, PCA Meters, Bump 
In teg ra to rs  and such devices, and i n  the  U.S. have been labe led  Response- 
Type Road Roughness Measurement Sys tems (RTRRMS) . I n  general , a1 1 systems 
are  response-type systems inasmuch as they have s p e c i f i c  response pro- 
p e r t i e s  t h a t  determine t h e i r  measurement capabi 1 i t i e s ,  b u t  the  response- 
type designat ion i m p l i c i t l y  re fe rs  t o  a d i r e c t  speed dependence i n  the  
measurement. 
D i r e c t  Measurement Systems - A t  t he  outset ,  highway engineers t r i e d  
t o  descr ibe roughness by the  v e r t i c a l  dev ia t ions  of the  sur face from 
the  f l a t  plane i t  was intended t o  be. From t h i s  came the  concept o f  
measuring the  v e r t i c a l  dev ia t ions  and summing t h e i r  absolute values. 
The sum per  u n i t  l eng th  (equ iva len t  t o  an average r e c t i f i e d  slope) was 
an i n d i c a t o r  o f  t he  roughness magnitude. Though numer ica l l y  d i f f e r e n t  
from a mean square ( o r  r o o t  mean square) s t a t i s t i c ,  these two types o f  
measures a re  r e l a t e d  c l o s e l y  enough t h a t  t h e  response o f  the  measure- 
ment systems can be compared us ing  methods on ly  p rope r l y  v a l i d  f o r  mean 
square treatment. 
To ob ta in  a measure o f  t h i s  type, engineers devised the  r o l l i n g  
s t r a i g h t  edge [7], as i l l u s t r a t e d  i n  F igure  2, w i t h  lengths  o f  10, 20 
o r  perhaps 30 fee t .  Wi th such devices, t he  v e r t i c a l  dev ia t ions  a re  
measured r e l a t i v e  t o  the  datum plane es tab l ished by the  end wheels and 
hence have a h i g h l y  v a r i a b l e  response behavior. As shown i n  F igure  3a 
f o r  a 30- foot  s t r a i g h t  edge, the  v a r i a b i l i t y  i n  response inc ludes com- 
p l e t e  i n s e n s i t i v i t y  t o  c e r t a i n  wave numbers. I n  cognizance o f  t h i s ,  
1 and plane p ro f i l ome te rs  [8] were constructed i n  which a mu1 t i p 1  i c i  t y  
o f  whleels were used t o  support t he  beam and thus e s t a b l i s h  an average 
datum f o r  measurement. A 30-foot device o f  t h i s  type s t i l l  has v a r i -  
ab le  response, as shown i n  F igure 3b. A f u r t h e r  v a r i a t i o n  on t h i s  
approtach was obta ined w i t h  the  CHLOE [9] i n  which a main frame (datum) 
i s  talwed by a veh ic le  and the r e l a t i v e  road slope, as detected by a s e t  
o f  c l o s e l y  spaced wheels, i s  measured t o  ob ta in  mean slope s t a t i s t i c s .  
The CHLOE'S response i s  g iven i n  F igure 3c. F i n a l l y ,  surpassing a11 o f  
these devices, i n e r t i a l  p r o f i  lometers [I 0] have been developed, a1 lowing 
measurement o f  road p r o f i  1 es r e l a t i v e  t o  a reasonably accurate i n e r t i a l  
reference, as evidenced by the t y p i c a l  response shown i n  F igure 3d. 
The i r  low wave number response i s  1 i r n i  t ed  by accelerometer s e n s i t i v i t y ,  
bu t  can e a s i l y  extend t o  1 OOm wavelengths. The h igh  wave number 1 i m i  ta -  
t i o n  depends on the  road-follower-wheel design and w i l l  be discussed 
i n  more d e t a i  1 1 a te r .  Wi th such consis tent ,  broadband response, the  
data obtained are  s u i t a b l y  accurate t o  a l l ow  processing t o  c a l c u l a t e  any 
number o f  roughness parameters. 
Figure 2, I1 1 ustration of a roll ing straight edge. 
Figure 3a. Response Gain of a 30-foot Rolling Straight Edge 
Figure 3b. Response Gain of a 30-foot Land Plane Profilometer 
Figure 3c. Response Gain of a CHLOE Profilometer 
"I ---- Low Speed -------- High Speed 
Wave Number (cycles/ft) 
Figure 3d. Response Gain of an Inertial Profilometer 
Even though a1 1 these devices ob ta in  a measure r e l a t e d  t o  road 
slople, i t  i s  obvious from F igure  3 t h a t  a11 devices w i l l  n o t  ob ta in  
equ iva len t  r e s u l t s .  Each should be recognized as a d i s t i n c t i v e  device 
responding t o  s p e c i f i c  po r t i ons  o f  t he  road roughness spectrum which 
may o r  may n o t  be common t o  o ther  devices. Hence, the  c o r r e l a t i o n  , 
among devices i s  on l y  a co inc identa l  r e s u l t  o f  c o r r e l a t i o n  among road 
rouglhness proper t ies .  
Vehi c l  e-Response Measurement Systems - As an a1 t e r n a t i v e  t o  the  
above, highway engineers devised means o f  measuring road roughness from 
the  response induced i n  an automotive vehic le.  The method incorporates 
the  h e u r i s t i c  s a t i s f a c t i o n  o f  measurement d i r e c t l y  on a veh ic le  a k i n  
t o  t h e  use r ' s  along w i t h  t h e  conveniences o f  h igh  speed, and s i m p l i c i t y .  
The approach has been implemented by i n s t a l  l a t i o n  o f  Mays Meters [I I], 
PCA Meters [12], o r  Bump I n t e g r a t o r  [13] hardware on convent ional 
passenger cars. Transducing the  r e a r  suspension motion, t h e  Mays Meter 
and Bump l n t e g r a t o r  type devices have a response behavior as shown i n  
F igure 4a. (The PCA Meter has a more complex response t h a t  w i l l  n o t  be 
discussed here, bu t  can be found i n  Reference [6]. ) By t h e i r  nature, 
t h i s  type o f  device has a response which i s  dependent on temporal f r e -  
quency even though the  road on l y  conta ins spacia l  frequencies. The 
road spac ia l  frequencies a re  r e l a t e d  t o  temporal frequency by the  t r a v e l  
speed, hence the  response t o  road i n p u t  w i l l  vary w i t h  speed, as shown 
i n  the  f i gu re .  I n  add i t i on ,  because the  veh ic le  response i s  t ime 
dependent, t he  accumulated roughness measurement a1 so depends on how 
long i t  takes t o  t raverse  a l e n g t h  o f  road. A t  h igher  speeds, l e s s  t ime 
i s  a v a i l a b l e  f o r  the roughness measure t o  accumulate. 
With the  obvious s e n s i t i v i t y  o f  these systems t o  the  s p e c i f i c  
dynaniic p rope r t i es  o f  the  hos t  vehic le,  means have been sought f o r  ob- 
ta in i ing t h i s  type measurement on a more con t ro l  l e d  device. The BPR 
Rougl~ometer [ I 4 1  and the  TRRL Bump I n t e g r a t o r  [I 31 are  single-wheel 
devices intended t o  rep1 i c a t e  the  essent ia l  dynamics o f  passenger cars 
i n  a more c o n t r o l l e d  fashion. The i r  behavior, shown i n  F igure  4b, i s  
more responsive than t y p i c a l  passenger cars, and as a consequence, i t  
has treen necessary t o  l i m i t  them t o  a low t e s t  speed c u r r e n t l y  
standardized a t  32 km/h. 
Q 32 KWH 
@ 80 KWH 
Figure 4a. Response Gain of Typical Vehicle-Response Systems 
F'ig.ure 4b. Response Gain of TRRL Bump Integrator 
A Proposed Roughness Standard - 
The va r ie t ys  o f  approaches toward road roughness measurement i n  
existence genera l l y  i n h i b i t  the development and ref inement  o f  a stan- 
dardized method01 ogy. Standardizat ion i s  necessary t o  f a c i l  i t a t e  t rans-  
f e r  o f  in fo rmat ion  and technology among p r a c t i t i o n e r s  worldwide. Yet 
the choice o f  a  standard must be based on sound l o g i c  r e f l e c t i n g  sensi- 
tivi1:y t o  both the ob jec t ives  i n  measurement and the  l e v e l  o f  technology 
broaclly avai  1  able, 
To e s t a b l i s h  a r a t i o n a l  basis  f o r  proposing a  worldwide standard, 
one must f i r s t  de f i ne  the  roughness p rope r t i es  o f  i n t e r e s t  and 
thoroughly understand the  re1 a t i onsh i  p  o f  those proper t ies  t o  the be- 
hav io r  o f  d i f f e r e n t  vehicles, a t  d i f f e r e n t  speeds, on d i f f e r e n t  roads. 
It i s  assumed here t h a t  veh i c le  v i b r a t i o n s  are  the  man i fes ta t ion  o f  
road roughness t h a t  i s  the  l e g i t i m a t e  pr imary i n t e r e s t .  Vehicle- 
respclnse type sys terns measure suspension motions r e f l e c t i n g  both sprung 
and unsprung mass v ib ra t ions .  The magnitude and spec t ra l  content  o f  
the suspension v e l o c i t y  a re  s i m i l a r  t o  the sprung mass accelerat ions 
from which r i d e  comfort  i s  perceived. Hence, i n  t h e  United States, 
where the  o b j e c t i v e  i s  t o  ob ta in  a  measure o f  roughness c lose l y  r e l a t e d  
t o  r i d e  comfort, a suspension v e l o c i t y  measure has been recommended 
[6J. There i s  basis  t o  suggest t h a t  t h i s  measure c l o s e l y  r e l a t e s  t o  
many user cos t  fac tors ,  as we l l ,  and i s  discussed i n  Appendix B t o  t h i s  
repor t .  
I n  e f f e c t ,  the  v e l o c i t y  i s  measured by veh ic l  e-response type 
devices i n  which an accumulated suspension d i s p l  acement measurement i s  
obtained. The accumulated ( r e c t i f i e d )  displacment i s  normal i zed  by the 
d is tance t raveled,  y i e l d i n g  an Average R e c t i f i e d  Slope s t a t i s t i c ,  ARS, 
exprelssed va r ious l y  i n  u n i t s  o f  "mrn/km," "counts/km" o r  " Inches/Mi 1  e. " 
The equivalent  v e l o c i t y  representat ion i s  the Average Rect i f ied  Ve loc i ty ,  
ARV, which may be expressed, f o r  example, i n  u n i t s  o f  "mm/sec." The 
ARV and ARS a re  r e l a t e d  by the  t r a v e l  speed, V, according t o  the 
equation: 
ARV = ARS x V 
Thus the ARV i s  n o t  a  new s t a t i s t i c  t o  rep lace the  ARS s t a t i s t i c s  
i n  roughness measurement, nor  does i t  l o s e  c o n t i n u i t y  w i t h  a  roughness data 
base accrued i n  t h e  past.  Rather, i t  i s  an a1 t e r n a t i v e  form o f  the  
meas~~rements now obtained which m e r i t s  understanding and apprec ia t ion  
by u:je i n  the  prac t ice .  I t s  advantages are: 
1 )  I t  i s  a  d i r e c t  measure o f  t h e  v i b r a t i o n  ampli tude induced 
i n  a veh i c le  by road roughness, 
2)  It has a meaningful i n t e r p r e t a t i o n  regardless o f  t e s t  
speed. 
The ARV i s  therefore proposed as a  meaningful s t a t i s t i c  t o  quan- 
t i f y  roughness o f  a road a t  a g iven speed on a  gPven veh ic le .  To 
contend w i t h  the  dependence of roughness on speed, standardized t e s t  
procedures must be establ ished;  and t o  contend w i t h  the dependence on 
vehicles, each must be ca l  i b r a t e d  t o  a standard sca1 e. 
Se lec t ion  of Tes t  Speed 
The ARV i s  d i r e c t l y  r e l a t e d  t o  the  Average R e c t i f i e d  Slope sta-  
t i s t i c s ,  ARS, by the  t e s t  speed, V, through the r e l a t i o n s h i p :  
where the  subscr ip t  " v t "  has been added t o  emphasize t h a t  the r e l a t i o n -  
sh ip  i s  v a l i d  on l y  f o r  a  given veh ic le  system and a  given tes t .  The 
ARV i s  t he  measure o f  veh i c le  response t o  roughness, whereas the ARS 
i s  t o  some ex ten t  a  more d i r e c t  measure o f  roughness i t s e l f .  
The r e l a t i o n s h i p  and u t i l i t y  o f  these two s t a t i s t i c s  can be i l l u s -  
t r a t e d  r a t h e r  simply. For a  given road and t e s t  vehic le,  t h e  accelera- 
t i o n  l eve l s ,  and hence the  ARV, e x h i b i t e d  by the  veh ic le  w i l l  vary w i t h  
speed. The ARV genera l l y  increases w i t h  opera t ing  speed a t  a  r a t e  t h a t  
i s  nominal ly  p ropor t iona l  t o  roughness magnitude o f  the road. The 
r e l a t i o n s h i p  f o r  a  t y p i c a l  rough and smooth road i s  i l l u s t r a t e d  i n  
F igure 5.  I n  i n d i v i d u a l  cases, the  exact shape o f  t he  curve i s  
Figure  5, Re la t i onsh ip  Between ARV and ARS S t a t i s t i c s .  
dependent on the  spec i f i c  road and veh ic le  considered, bu t  on the  
average, i t w i l l  increase monotonical ly  w i t h  speed. Further,  i t  i s  
a  f a i r l y  l i n e a r  funct ion of speed, when speed i s  taken as an exponential  
power between 112 and 1. That i s ,  t h e o r e t i c a l l y ,  t he  ARV i s  f a i r l y  
1  inear  w i t h  the  square r o o t  o f  speed as observed by Jordan [13]. But 
w i t h  the t y p i c a l  n o n l i n e a r i t i e s  of many o f  the  actual  measuring systems, 
i t  may be more d i r e c t l y  1  inear  w i t h  speed, r a t h e r  than the  square roo t .  
The common p r a c t i c e  o f  measuring and quan t i f y i ng  road roughness 
by some ARS s t a t i s t i c  obtained a t  32 km/h i s  seen as a  method which 
est imates the  general s lope o f  ARV-speed re la t i onsh ip .  Thus i t  i s  a  
f i r s t ; -o rde r  est imate o f  the  roughness o f  the  road, s u i t a b l e  f o r  com- 
par ing  ( o r  ranking)  roads, one t o  another, on the  basis  o f  roughness as 
perceived a t  32 km/h. However, comparing road roughness p rope r t i es  a t  
32 km/h i s  n o t  the  purpose f o r  roughness measurement i n  most cases. More 
commonly, t he  purpose i s  t o  q u a n t i f y  the  roughness i n  p ropor t ion  t o  
propebnsity f o r  causing v i b r a t i o n s  i n  t he  user vehic les a t  the  p r e v a i l i n g  
t r a f f i c  speeds. Inasmuch as the  p r e v a i l i n g  speeds vary between high- 
dens i t y  urban roads and low-density r u r a l  roads, the  measure a t  a  un i -  
form speed o f  32 km/h i s  n o t  always the  most re levant .  The roughness 
o f  a  road i s  most c r i t i c a l  t o  the  high-speed user vehic les.  As shown 
i n  F igure 5 ,  on any p a r t i c u l a r  road a  roughness measurement a t  32 km/h 
i s  n o t  a  good p r e d i c t o r  of the  roughness l e v e l  a t  the  h igh  speed o f  
80 km/h, as such a  p r e d i c t i o n  may e a s i l y  be i n  e r r o r  by 100 percent,  
o r  even 200 percent. Therefore, the d i r e c t i o n  f o r  progressing t o  more 
re1 evant roughness measurements must a1 1  ow f o r  measurement a t  o ther  
speeds. Imp1 ementing t h a t  p rac t ice ,  however, requ i res  adaptat ion o f  a  
uni form p r a c t i c e  f o r  se lec t i ng  t h a t  t e s t  speed. Wi th in  the developed 
countr ies,  the posted speed l i m i t  i s  t he  l o g i c a l  choice. 
I n  count r ies  where roughness i s  not,  o r  cannot be, measured a t  
d i f f e r e n t  speeds representa t ive  o f  t r a f f i c ,  methods can be suggested f o r  
speed compensation o f  a  l a r g e  data base. Despite the  f a c t  t h a t  accurate 
speed cor rec t ions  cannot be pred ic ted  on i n d i v i d u a l  roads, average 
, cor rec t ions  fo r  the  roads i n  a network can be determined from exper i  - 
mental t e s t s  on a  l i m i t e d  sample. I n  general, the  form o f  the compensa- 
t i o n  equat ion should be 
where t h e  s u b s c r i p t  "s"  r e f e r s  t o  t he  t r a f f i c  speed cond i t i on ,  and t h e  
s u b s c r i p t  "t" r e f e r s  t o  t h e  t e s t  speed cond i t i on .  The exponent "q" 
may va ry  w i t h  t he  measurement equipment and t he  roughness spectrum 
c h a r a c t e r i s t i c  o f  t he  roads. An average va lue  f o r  t h e  exponent may be 
determined by runn ing  t e s t s  a t  two speeds on a rep resen ta t i ve  sample o f  
roads,, and should g e n e r a l l y  f a l l  i n  t he  range between 0.5 and 2.0. 
The speed compensation equat ion obta ined i s  then an average cor rec -  
t i o n .  When app l i ed  t o  a  s t a t i s t i c a l l y  l a r g e  popu la t i on  o f  roughness data 
t h e  p r e d i c t i o n  f o r  some roads i s  h i gh  and o the rs  low, b u t  t he  average 
e r r o r  i s  zero. For many broad s t a t i s t i c a l  analyses, such as road user  
c o s t  s t ud ies  o r  road network surveys, no n e t  e r r o r  r e s u l t s  when t h e  
data i s  thus co r rec ted  t o  t h e  t r a v e l  speed p r e v a i l i n g  on each road 
segment. I n  t h i s  way, a  da ta  base i s  ob ta ined  t h a t  more c l o s e l y  r e l a t e s  
t o  t h e  roughness l e v e l  exper ienced by t h e  users. 
The Choice o f  C a l i b r a t i o n  Methods - 
The numerical va lue o f  t he  ARS o r  ARV s t a t i s t i c s  ob ta ined  i n  t he  
measurement o f  roughness by vehicle-response systems i s  d i r e c t l y  1  inked 
t o  t he  responsiveness o f  t h e  i n d i v i d u a l  system. Hence, t h e  values 
cannot be v a l i d l y  compared t o  those measured by o t h e r  systems o r  even 
t he  same system a t  o t h e r  p o i n t s  i n  t ime because t h a t  response i s  known 
t o  vary  uncon t ro l l ab l y .  As a r e s u l t ,  i t  i s  common p r a c t i c e  t o  a t tempt  
t o  r e l a t e  t he  i n d i v i d u a l  systems t o  a  re ference,  which may be one 
se lec ted  system mainta ined f o r  t h a t  purpose, o r  even t h e  mean va lue 
ob ta ined  w i t h  a  number o f  s i m i l a r  systems. Yet, comparing o r  c o r r e l a t i n g  
t o  a  re fe rence  i s  n o t  a  v a l i d  c a l i b r a t i o n  un less t h e  accuracy o f  the  
re fe rence  can be def ined;  nor  does i t standard ize measurements w i t hou t  
demonstrat ing t h a t  t he  re fe rence  i s  a  r e p l i c a b l e  standard. As an 
example, t he  TRRL Bump I n t e g r a t o r  i s  o f t e n  used as a re fe rence  because 
o f  i t i s  more p r e c i s e l y  def ined s p e c i f i c a t i o n s  f o r  des ign and performance. 
Yet, t he  many Bump I n t e g r a t o r s  d i s t r i b u t e d  throughout t he  wor ld  should 
n o t  be accepted as a s tandard because i t  has n o t  been es tab l i shed  t h a t  
they measure e q u i v a l e n t l y .  To t h e  con t ra ry ,  be ing hardware devices, 
they  a re  p o t e n t i a l l y  s e n s i t i v e  t o  enough v a r i a b l e s  i n  t h e  towing veh i c l e ,  
maintenance p rac t i ces ,  and ope ra t i ng  procedures t h a t  imp1 i e d  usage as 
a stalndard should be discouraged. 
I n  o r d e r  t o  c a l i b r a t e  a roughness measurement system, i t  i s  
necessary e i t h e r  t o  sca le  i t s  measurements on sur faces o f  standard rough- 
ness o r  t o  sca le  i t s  measurements t o  standard measures on a r b i t r a r y  
sur faces.  The dynamic na tu re  o f  t h e  devices i s  too  complex t o  a1 low 
p rac t - i ca l  c a l  i b r a t i o n  by s imple measures o f  response as at tempted w i t h  
the  Elump I n t e g r a t o r  [13]. Rather, the  c a l i b r a t i o n  must be based on 
t h e i r  performance when sub jec t  t o  broadband e x c i t a t i o n  as occurs on t h e  
road. Thus, c a l  i b r a t i o n  must be based e i t h e r  on a standard measure o f  
roughmess o r  on sur faces o f  standard roughness q u a l i t i e s .  
P r o f i  1 ometer lQuar ter -Car  Simul a t i o n  -
Among t h e  a1 t e r n a t i  ves ava i  1 ab le  f o r  s t anda rd i za t i on  o f  roughness 
measurements, t he  p r o f  i 1 ometer /quar ter -car  s imu la t i on  method has been 
propolsed as t h e  most v i a b l e  [6]. Recognizing t h a t  i t  i s  v i r t u a l l y  im- 
poss ib l e  t o  des ign and ma in ta i n  v e h i c l  e-response hardware c o n t r o l  1 ed t o  
an app rop r i a te  degree o f  accuracy, a computer s imulated system was 
chosen. By o b t a i n i n g  road p r o f i l e s  t o  a s p e c i f i e d  l e v e l  o f  accuracy, 
t h e  s imulated measurement f o r  an i d e a l i z e d  system can be determined. 
The c o r r e l a t i o n  o f  an ac tua l  measurement system aga ins t  t h a t  o f  t h e  
i d e a l i z e d  s imu la t i on  f o r  a s e l e c t i o n  o f  l o c a l  roads prov ides t he  c a l  i- 
b r a t i o n  t o  a standard. The ac tua l  measurements co r rec ted  t o  t h a t  
standard can then be compared v a l i d l y  t o  any o t h e r  measurements a l s o  
r e l a t e d  t o  t he  standard, whether elsewhere i n  t h e  wo r l d  o r  years  l a t e r  
i n  t ime. A standard method f o r  t h e  c a l i b r a t i o n  process has been developed 
and i s  t he  p r imary  ca1 i b r a t i o n  method descr ibed i n  t h e  a t tached  Appendix 
A. 
In applying a calibration t o  such devices, i t  must be recognized 
that  the systems may be nonlinear i n  amp1 i tude response. Thence the i r  
response may depend on the general amplitude of suspension motions 
obtaiined in the calibration. Because the ARV i s  a d i rec t  measure of 
that  motion amplitude, the calibration should be established in ARV 
units. Calibration in ARS units i s  equivalent and valid only i f  limited 
to  discrete fixed t e s t  speeds. However, techniques such as the a r t i -  
f i c i a l  surface calibration method described l a t e r  are  only possible by 
resort  to  the ARV s t a t i s t i c .  The use of the ARV concept i s  encouraged 
for the benefits obtained i n  understanding the acquisition and use of 
road roughness measurements. 
The cal i bration requires tha t  suitably accurate profi 1 e measure- 
ments be available along with relat ively minimal capabili ty for  computer 
simulation. The assumed system for  profile measurement in the calibra- 
tion i s  w i t h  the GMR ( i n e r t i a l )  type profilometer, b u t  i s  not essential 
to  the method. 
A major advantage of th i s  approach i s  i t s  demonstrated capabili t ies 
in calibration. Figure 6 i l l u s t r a t e s  the uncali brated versus cal i -  
brated resul ts obtained w i t h  eight vehicle-response type ( R T R R M )  systems 
from Reference [6]. The method proves capable of calibrating the systems 
to a level of error  that  i s  w i t h i n  the normal var iabi l i ty  of the devices 
over the roughness range up to  more than two inches/second i n  RARV units. 
A t  the same time, the figure i l l u s t r a t e s  the major functional limitation 
on the profilometer method; namely, a t  h igh  levels of roughness, the 
profilometer measurements depart from those obtained from the vehicle- 
response systems. Many causes for  th i s  disparity can be postulated, 
most focusing on the 1 imitations in the follower wheels used to  track 
the surface w i t h  the profilometer. A more thorough discussion of the 
funct;ional 1 imitations of iner t ia l  profilometers i s  presented in Appendix 
D. Nevertheless, the peculiar sens i t iv i ty  of profilometers a t  h i g h  
roughness levels i s  cause fo r  profilometer measurements on highly 
textured (as ,  for  example, gravel or surface treatment) or highly 
fau1t:ed roads to  be disproportionately h i g h  w i t h  the data reduction 
methods currently i n  use. In such cases, data f i l t e r ing  analogous to  
the tiire envelopment phenomena experienced by vehicle-response systems 
MRV (in/sae) - - 
Figure 6. Comparison of Roughness Measurements from Eight RTRRM Systems; 
Uncal i brated and Cal i brated by Prof i 7 ometer/Quarter-Car 
Simulation (RARV) . 
i s  recommended, a1 though i t  i s  n o t  c l e a r  t h a t  i t  has ever been imple- 
mented by p r o f i l o m e t e r  users.  I n  l e s s  developed coun t r i es  w i t h  more 
o f  these sur face  types, t h i s  procedure appears even more e s s e n t i a l .  
The major shortcoming w i t h  t he  i n e r t i a l  p r o f i l  ometer approach i s  
t h e  c o s t  and complex i t y  o f  t h e  system. Low c o s t  p r o f i l o m e t e r  systems 
f o r  c a l i b r a t i o n  purposes can be env is ioned,  bu t  w i t h o u t  an impetus may 
take  years  t o  be r e a l i z e d .  Low c o s t  (on t h e  o rde r  o f  25 percent  o f  
c u r r e n t  p r o f i l o m e t e r  systems) may be achieved by severa l  rou tes :  
1  ) Use o f  non-contact ing road f o l  1  ower systems, e l  i m i n a t i n g  
t h e  adap ta t ion  o f  f o l l o w e r  wheels t o  a  spec ia l i zed  pro-  
f i l o m e t e r  veh ic le ,  and e l i m i n a t i n g  the  f o l  lower-wheel 
durab i  1 i ty  problems on rough surfaces. 
2 )  Reduct ion o f  on-board computat ional  power t o  o n l y  t h a t  
needed f o r  c a l c u l a t i o n  o f  t he  roughness s t a t i s t i c ,  
3 )  E l  i m i n a t i o n  o f  expensive p r o f i l e  r eco rd i ng  systems. 
The e n t i r e  c a l i b r a t i o n  p r o f i l o m e t e r  can be i n  t h e  form o f  an i n s t r u -  
mented box which can be mounted on any a v a i l a b l e  veh i c l e .  With low 
cost;, a  spare p a r t s  i nven to r y  can be mainta ined i n  l e s s  developed 
c o u n t r i e s  t o  overcome t h e  problems w i t h  equipment f a i l u r e .  
Any means f o r  p r o f i l e  measurement i s  adequate i f  i t  can meet t h e  
accuracy requirements spec i f i ed .  A dev ice ope ra t i ng  on t h e  p r i n c i p l e  
o f  t h e  TRRL Ho r i zon ta l  Bar has t he  p o t e n t i a l  f o r  p r o f i l e  measurement by 
l a b o r  i n t e n s i v e  methods w i t h  c e r t a i n  m o d i f i c a t i o n s  and precaut ions i n  
i t s  use. An a n a l y s i s  o f  t h e  TRRL Ho r i zon ta l  Bar has been made and i s  
inc luded  as Appendix C t o  the  r e p o r t .  Enough p recau t ions  i n  i t s  use 
a r e  i n d i c a t e d  t h a t  cons ide ra t i on  m igh t  be g iven  t o  des ign o f  a  s i m i l a r  
dev ice s p e c i f  i c a l  l y  in tended f o r  manual measurement o f  road p r o f i l e s  
befolre us i ng  t he  c u r r e n t  des ign f o r  t h i s  purpose. 
Rod and l e v e l  methods o f  p r o f i l e  measurement m igh t  a l s o  be con- 
s idered.  Recent da ta  [15] has been pub1 i shed  g i v i n g  evidence t o  t he  
v i a b i l i t y  o f  t h i s  approach and i s  hence discussed i n  a  separate sec t i on  
o f  t h e  r e p o r t .  
I t  has o f t e n  been quest ioned whether a x l e  acce le ra t i ons  can be 
obta ined on a  v e h i c l e  as a  measure o f  road p r o f i l e  app rop r i a t e  f o r  
c a l i b r a t i o n .  No research has been done t o  e s t a b l i s h  t h e  p r a c t i c a l i t y  
o f  a method, a l though  c u r r e n t  knowledge can be a p p l i e d  t o  i d e n t i f y  
p o t e n t i a l  problem areas. Measurement o f  t h e  v e r t i c a l  acce le ra t i ons  on 
t h e  a x l e  o f  an automot ive v e h i c l e  i s  n o t  a  good i n d i c a t o r  o f  the  under- 
l y i i ng  p r o f i l e  o f  t h e  road. The e x c i t a t i o n  i n p u t s  t o  t h e  a x l e  i n c l u d e  
n o t  o n l y  t he  road, b u t  t he  e f f e c t s  o f  nonun i f o rm i t i es  i n  t he  t i r e l w h e e l  
assembly, v i b r a t i o n s  o f  t he  body and o t h e r  wheels t r a n s m i t t e d  down 
through t h e  suspension, as w e l l  as poss ib l e  d r i v e l i n e  v i b r a t i o n s .  I n  
a d d i t i o n ,  t h e  dynamic response o f  t h e  a x l e  has a  marked frequency 
s e n s i t i v i t y  cha rac te r i zed  by a  resonance near  10 Hz t h a t  i s  dependent 
on mass, s t i f f n e s s  and damping p rope r t i es ,  as shown i n  F i gu re  7. 
Co r rec t i on  f o r  t h e  dynamic behav ior  would r e q u i r e  an e f f o r t  no l e s s  
than t h a t  necessary t o  compensate f o r  v a r i a b l e s  i n  a  t y p i c a l  veh i c l e -  
response system. The problems o f  v a r i a t i o n s  i n  suspension p r o p e r t i e s ,  
e s p e c i a l l y  t h e  shock absorber damping, can be compensated by con- 
c u r r e n t l y  measur ing sprung mass acce le ra t i ons  j u s t  above t h e  a x l e  w i t h  
a  second accelerometer (see Reference [16] f o r  a  more ex tens ive  d iscus-  
s i on  o f  t h i s  method), b u t  a  c a l i b r a t i o n  f o r  c e r t a i n  o t h e r  va r i ab l es ,  
most no tab l y  t h e  t i r e  va r i ab l es ,  must s t i l l  be performed. Recogniz ing 
these problems, and t h a t  t he  method has never been c r i t i c a l l y  t r ea ted ,  
i t  cannot be recommended a t  t h i s  t ime.  
The v e h i c l e  v a r i a b l e s  can be e l i m i n a t e d  by mount ing t he  acce lero-  
meter  d i r e c t l y  on a  f o l l o w e r  wheel towed a long  t he  pavement su r face  
s im i i l a r  t o  t h a t  c u r r e n t l y  used w i t h  p ro f i l ome te r s .  A c h a r a c t e r i s t i c  
resonance l i k e  t h a t  seen i n  F i gu re  7 w i l l  s t i l l  e x i s t ,  though i t  
t h e o r e t i c a l l y  can be pushed t o  a  much h i ghe r  f requency (above t h e  
range o f  spac ia l  f requenc ies  o f  i n t e r e s t  when towed a t  a  s low speed). 
The implementat ion o f  a  system o f  t h i s  t ype  would r e q u i r e  c a r e f u l  com- 
promises i n  design t o  ach ieve t he  low-frequency accelerometer s e n s i t i v i t y  
necessary t o  measure t he  longer  wavelengths i n  t he  presence o f  t h e  h igh-  
magnitude, h igh- f requency acce le ra t i ons  t h a t  e x i s t  i n  t he  sur face.  Un- 
fo r t ;una te ly ,  t h i s  method has a l s o  no t  been c r i t i c a l l y  tes ted,  and hence 
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Figure  7 .  Response Gain on t h e  Ax le  o f  a Typical  Vehic le .  
t he re  i s  no bas is  f o r  recornending i t  because o f  t h e  p o t e n t i a l  f o r  
h i gh  development e f f o r t  be ing  requ i red .  
Rod and Level  Surveys -
Consider ing t h a t  an accurate  p r o f i l e  measurement i s  a  data base 
s u i t a b l e  f o r  c a l i b r a t i o n ,  t h e  l o g i c a l  ques t ion  i s  whether t h e  t r a d i -  
t i o n a l  r o d  and l e v e l  measurements can prove adequate. As o f t en ,  t h e  
bes t  evidence o f  adequacy i s  determined by ac tua l  t e s t .  Rod and l e v e l  
measurements have been ob ta ined  i n  B r a z i l  [15] a t  10 cm i n t e r v a l s  over 
road t e s t  s i t e s .  The measurements were processed t o  o b t a i n  amp1 i t u d e  
values f o r  se l ec ted  wave number bands which were c o r r e l a t e d  t o  ARS 
measurements ob ta ined  f rom vehic le-response systems. Though c o r r e l a -  
t i o n s  aga ins t  o n l y  two such systems a r e  repor ted ,  h i gh  c o r r e l a t i o n s  
a r e  i n d i c a t e d  suggest ing t h a t  p r o f i l e  measurements can be accomplished 
i n  p r a c t i c e  w i t h  s u i t a b l e  accuracy. 
With t h i s  encouragement, r o d  and l e v e l  methods appear t o  o f fe r  
h i gh  promise, a1 though some improvements i n  methodology can be suggested. 
The reduc t i on  o f  t h e  p r o f i l e  i n t o  con ten t  i n  wave number bands i s  
complutational l y  more i nvo l ved  t h a t  t h e  c a l c u l a t i o n s  f o r  a  qua r t e r - ca r  
s imu la t i on .  Inasmuch as t he  quar te r -ca r  s imu la t i on  shares a  c l o s e r  
phys i ca l  r e l a t i o n s h i p  t o  veh ic le- response systems r a t h e r  than s imp ly  
an e m p i r i c a l  c o r r e l a t i o n ,  i t  i s  more s a t i s f y i n g  as a  c a l i b r a t i o n  s tan-  
dard. The comparat ive response o f  t h e  two measurement processes a re  
shown i n  F i gu re  8. The response o f  t h e  v e h i c l e  i n  t h i s  case has been 
p l o t t e d  on t h e  bas is  o f  road  p r o f i l e  e l e v a t i o n  as t he  i n p u t  and suspen- 
s i on  v e l o c i t y  as t h e  ou tpu t .  
The B r a z i l i a n  work i s  f u r t h e r  l i m i t e d  t o  c o r r e l a t i o n  aga ins t  ARS 
measurements ob ta ined  a t  o n l y  one t e s t  speed. For o t h e r  speeds, o the r  
wave number bands and c o r r e l a t i o n  analyses would be c a l l e d  f o r .  Wi th  
t he  qua r t e r - ca r  s imu la t i on  method, t he  s imu la t i on  speed can be v a r i e d  
q u i t e  s imp ly  t o  match t h e  t e s t  speeds. 
Figure  8. Comparison o f  Roughness Weighting Used in Rod 
and Level Study t o  That  of  Quar te r -Car  Standard 
a t  80 k m l h .  
A r t i f i c i a l  Surfaces - Vehicle-response systems must be c a l i b r a t e d  
by sca l i ng  t h e i r  performance on surfaces s i m i l a r  t o  roads. The pro- 
f il ometer /quar ter -car  s imu la t i on  method i s  a  means t o  accompl i s h  t h i s  
on l o c a l l y  a v a i l a b l e  roads by computing t h e  standard s t a t i s t i c  f o r  each 
o f  t he  roads. A1 t e r n a t i v e l y ,  c a l  i b r a t i o n  can be accompl ished by con- 
s t r t ~ c t i n g  roads t o  have a g iven  roughness va lue  on t he  standard scale.  
Cons t ruc t ing  f u l l  - sca le  roads t o  p rec i se  to1  erances i s  bo th  economical ly 
and p h y s i c a l l y  d i f f i c u l t .  Thus an a r t i f i c i a l  su r face  method was devised 
t o  a l l o w  c o n s t r u c t i o n  o f  a  known roughness l e v e l  us i ng  commonly a v a i l -  
ab le  m a t e r i a l s  [6]. This  method i s  a l s o  descr ibed i n  Appendix A. By 
c a l  , i b ra t i ng  a t  low speed, t he  sur face  l eng th  can be minimized and t he  * 
v e r t i c a l  fea tu res  can be exaggerated t o  a1 low easy maintenance o f  
to lerances.  As s p e c i f i e d  i n  t he  Appendix, t he  sur faces have a random 
roughness p rope r t y  w i t h  spec t ra l  con ten t  s i m i l a r  t o  average road 
p rope r t i es  observed i n  t h e  USA and Europe. 
I n  app ly ing  t h i s  method i n  l e s s  developed coun t r ies ,  i t  should 
be recognized t h a t  t he  spec t ra l  con ten t  o f  t h e  roughness p r o p e r t i e s  may 
d i f f e r  somewhat because o f  t h e  g rea te r  use o f  manual l a b o r  i n  con- 
s t r u c t i o n  o f  t h e  road sur face  i n  these coun t r i es .  The r e s u l t  may be 
a sll i g h t l y  g rea te r  random e r r o r  i n  t he  d i r e c t  comparison o f  measure- 
men1:s f rom c a l i b r a t e d  systems. The roughness l e v e l s  represented by 
the  c u r r e n t  su r face  design a re  n o t  h i gh  enough t o  cover t he  normal 
measurement range encountered i n  1  ess developed coun t r i es .  The design 
prov ided y i e l d s  an ARV o f  1.98 inches/second which i s  nomina l l y  equi -  
v a l e n t  t o  5000 mm/km a t  a  32 km/h t e s t  speed. Hence i t  may be necessary 
t o  sca le  t h e  v e r t i c a l  dimensions up by rough ly  50 percent  o r  more t o  
get  a  c a l i b r a t i o n  p o i n t  near t he  upper 1  i m i t s  o f  roughness. Though 
s c a l i n g  changes g r e a t e r  than 10 percent  were discouraged i n  the  o r i g i n a l  
spec : i f i ca t i on  o f  t he  method t o  ensure u n i f o r m i t y  i n  i t s  implementat ion, 
an a .ppropr ia te ly  h igher  l e v e l  (suggested as 50 percent  g rea te r  than t he  
v e r t i c a l  dimensions shown i n  t he  des ign)  cou ld  be adopted i n  l e s s  
developed coun t r i es .  
Though, as repor ted  i n  Reference [ 6 ] ,  t h i s  c a l i b r a t i o n  method d i d  
n o t  prove f o o l p r o o f  i n  every case, i t  was s u r p r i s i n g l y  e f f e c t i v e  i n  
c a l i b r a t i n g  f i v e  o u t  o f  e i g h t  systems t o  a l e v e l  o f  e r r o r  which was 
i n s i g n i f i c a n t  i n  comparison t o  t h e  random e r r o r  w i t h i n  t he  systems. 
I n  eva lua t i on  by o t h e r  users, t h i s  method has proven capable o f  
co r rme la t ing  a number of vehic le-response type  measuring systems t o  an 
accuracy b e t t e r  than f i v e  percent  (again,  much l e s s  than the  random 
e r r o r ) ;  a l though, i n  t h e  absence o f  a p ro f i l ome te r ,  i t  cou ld  n o t  be 
es tab l i shed  how accu ra te l y  they were c a l  i bra ted  t o  t he  standard scale.  
I n  l i g h t  o f  these successes, the  a r t i f i c i a l  su r face  method descr ibed 
i n  Appendix A can be recommended as an approach toward c a l i b r a t i o n  w i t h  
a much sounder bas is  and h ighe r  prospects f o r  success than any o the r  
known a r t i f i c a l  su r face  course, i n c l u d i n g  t he  TRRL p ipe  course. 
The pr imary weakness o f  t h i s  a r t i f i c a l  sur face method i s  the  f a c t  
that; i t  does n o t  f u l l y  c o r r e c t  f o r  nonun i f o rm i t i es  ( imbalance and 
runou t )  i n  t h e  wheel assemblies o f  t he  t e s t  v e h i c l e  due t o  t he  low t e s t  
speed requ i red .  I n  general ,  w i t h  good wheel maintenance p r a c t i c e ,  
these e f f e c t s  c o n s t i t u t e  a s i g n i f i c a n t  e r r o r  o n l y  on smoother roads 
(nomina l l y  3000 mm/km and l e s s ) ,  I n  such cases, t he  wheel v i b r a t i o n s  
add t o  the  measured roughness, and readings a t  t h i s  low l e v e l  should 
alwij~ys be used cau t i ous l y .  Inasmuch as smoother roads a re  o f  l e s s  
i n t e r e s t  as a roughness problem, t h i s  weakness i s  n o t  viewed as a major 
d e t e r r e n t  t o  use o f  t he  a r t i f i c i a l  su r face  method. 
Recommendations - 
From the  perspec t i ve  on the  problems o f  s t anda rd i za t i on  o f  road 
roughness measurement r e f l e c t e d  i n  the  preceding d iscuss ions,  c e r t a i n  
concrete recommendations can be p ro f f e red .  The recommendations aim 
towa,rd improv ing t he  p r a c t i c e  o f  road roughness measurement throughout 
the  world.  
1 )  Cal i b r a t i o n  Methods - A comprehensive eva lua t i on  o f  c a l  i b r a -  
t i o n  methods f o r  vehic le-response t ype  roughness measurement systems 
should be performed. The c a l  i b r a t i o n  methods should be evaluated 
concu r ren t l y  i n  o rde r  t o  a l l o w  a comparison o f  t h e i r  r e s u l t s .  H i s t o r i -  
c a l l y ,  t h e  c a l i b r a t i o n  o f  these devices has been approached on an 
emp i r i ca l  and piecemeal bas is .  The NCHRP P r o j e c t  [6]  y i e l d e d  a techn ica l  
foundat ion f o r  des ign ing  c a l  i b r a t i o n  processes, b u t  was o r i e n t e d  toward 
t he  environment o f  developed coun t r ies .  A comparable research/evalua- 
t i o r i  program d i r e c t e d  t o  t h e  problem i n  l e s s  developed coun t r i es  i s  
c a l l  ed f o r  i f  f u r t h e r  de lays and piecemeal s o l u t i o n s  a re  t o  be avoided. 
a)  Based on c u r r e n t  knowledge, t h ree  c a l i b r a t i o n  approaches 
should d e f i n i t e l y  be inc luded  i n  t he  eva lua t ion :  
- P r o f i  1  ometer/quarter-car s imu la t i on  
-Rod and l e v e l  p r o f i l o m e t r y  combined w i t h  
a  quar te r -car  s imulated standard 
- A r t i f i c i a l  sur faces as a roughness standard 
b) The program should n o t  be l i m i t e d  t o  o n l y  these methods 
b u t  should a l l o w  l a t i t u d e  f o r  t e s t i n g  o f  one o r  more 
a l t e r n a t i v e s  o f f e r i n g  promise f o r  b e t t e r  accuracy o r  
p r a c t i c a l i t y  i n  r o u t i n e  c a l i b r a t i o n .  A1 t e r n a t i v e s  
such as t he  non-contact ing p r o f i  lometer,  French APL , 
mod i f i ed  h o r i z o n t a l  bar  devices, o r  accelerometer devices 
should be evaluated i n  terms o f  t h e  c u r r e n t  s t a t e - o f -  
t h e - a r t  and t h e i r  p r a c t i c a l  i t y  f o r  use i n  t he  environment 
o f  l e s s  developed coun t r i es  t o  determine if they o f fe r  
advantages i n  s o l v i n g  the worldwide c a l  i b r a t i o n  problem. 
2)  Cal i b r a t i o n  Standard - The simul a ted quar te r -car  model de f ined  
i n  Appendix A should be adopted as t he  standard t o  which measurements 
o f  a1 1 vehicle-response type  systems a r e  ca1 i brated.  Measurements 
cor rec ted  t o  t h a t  sca le  have the  t r anspo r tab le  and t ime-stab1 e qua1 i ty 
needed t o  a1 low in terchange o f  data among d i f f e r e n t  programs and 
coun t r i es  . 
3 )  Roughness Index - The ARV r ep resen ta t i on  o f  roughness should 
be adopted as the  genera l ized roughness index app rop r i a te  t o  veh i c l e -  
response type sys terns. When measured a t  road user  speeds and c a l  i bra ted  
t o  a  standard sca le ,  t h e  ARV measure adds meaning t o  the  q u a n t i f i c a t i o n  
of roughness and o f f e r s  p o t e n t i a l  f o r  b e t t e r  c o r r e l a t i o n  t o  road user  
cos t  e f f e c t s .  The ARV i s  compat ible w i t h  c u r r e n t  p rac t i ce ,  and by i t s  
use fami 1  i a r i z e s  t he  p r a c t i t i o n e r  w i t h  t he  unde r l y i ng  s i g n i f i c a n c e  o f  
road roughness e f f e c t s  a t  d i f f e r e n t  ope ra t i ng  speeds. 
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APPENDIX A 
RTRRM SYSTEM, CALIBRATION METHODS 
Two calibration methods for response-type road rough- 
ness measuring systeins (RTRRM systems) have been 
devised and tested. The first calibration method is based 
on correlation of an R'TRRM system to standard roughness 
measurements on a selection of available roads. 'This 
method requires the use of a GMR-type profiiometer to 
measure road profiles that are subsequently processed 
through a quarter-car-type simulation of the reference 
RTRRM system to obtain standard roughness values for 
the tested roads. Recommended procedures for this cali- 
bration have been prepared in the format of an ASTM test 
method and are contained in this appendix 
GMR profilometers are currently unavailable to most 
RTRRM users, so a calibration method that does not 
require their use was developed. This method subjects the 
RTRRM systems to excitation that has an associated 
absolute level of roughness. provided by easily fabricated 
artificial road bumps whose roughness levels are defined 
by their geometry. A calibration method based on these 
bumps, also prepared1 in the format of an ASTM test 
method, is presented irt this appendix 
As an aid to users (sf the artificial surfaces, the analysis 
supporting their design is provided in a section that dis- 
cusses the properties that such a type of excitation should 
have, and some of the design trade-offs that are required 
to implement this method. This section develops the con- 
cept of an "average road," presents research findings 
concerning tire enveloping (a  phenomenon that must be 
addressed when considering low-speed calibration proce- 
dures), and then disicusses the process of designing an 
artificial surface (with an associated known roughness 
level) to be used for calibrating RTRRM systems. Also, 
the results are presented for a variety of computer simula- 
tions that were conducted to anticipate the sensitivity of 
the calibration to unavoidable differences in the dynamics 
of vehicles used in RTRRM systems. And, finally, suggcs- 
tions are provided for the further development of the 
method. 
STANDARD METHOD FOR PRIMARY CALIBRATION OF 
RTRRM SYSTEMS 
1. Scope 
1.1 Tinis method constitutes the primary means to cali- 
brate the pavement rovghness measurement of a response- 
type road roughness ~neasuring system (RTRRM system) 
to a standard roughness scale. 
1.2 An RTRRM system is defined as an automobile or 
two-wheei trailer with a solid axle, with instrumentation to 
measure the accumulated axle displacement relative to the 
vehicle body caused by road roughness, and the time 
required to traverse a test section. The roughness measure- 
ment obtained is the ratio of the two measurements and is 
the average rectified velocity (ARV) in units of inches/ 
second. The ARV statistic is related to the conventional 
inchedmile statistic according to the relationship inches/ 
mile = 3600 X ARV/ V ,  where V is the test speed in 
miles per hour. 
1.3 The standard scale is the ARV obtained by process- 
ing the true pavement profile through the reference 
RTRRM system simulation defined herein. It is desig- 
nated as reference ARV (RARV) . 
2. Summary of Method 
2.1 The test apparatus consists of a GMR-type road 
profilometer, capable of measuring left and right wheel 
profiles, and a simulation of the reference RTRRM system 
described herein. 
2.2 The profilometer is operated over a selection of 
road surfaces, concurrently with the RTRRM system being 
calibrated, to record the road profiles. 
2.3 The road profiles are processed through the refer- 
ence RTRRM simulation at the speed equivalent to the 
nominal RTRRM system test speed-on each roadway to 
produce the RARV statistic for the test section. 
2.4 The calibration is obtained by linear regression of 
the RTRRM system ARV measurements against the RARV 
measurements. 
2.5 The pavement roughness measured in ARV units 
by the RTRRM test system on actual roads is corrected 
via the calibration obtained above to estimate RARV. The 
corrected values are designated calibrated ARV (CARV). 
and should include the measurement speed as a subscript. 
3.1 Profilometer-The profilometer sball be capable of 
measuring the road profile in the left and right wheel tracks 
over a frequency band of 0.5 to 25 Hz at simulated 
calibration speeds. At normd operating speed, the profile 
measurements in this bandwidth shall be obtained with a 
resolution of 0.01 in., a hysteresis not to exceed 0.001 in., 
and a gain accuracy of I percent of the full-scale ampli- 
tude. Calibration of the pro6Iometer shall be confirmed 
at the beginning of each series of road tests. 
3.2 Simulation-The simulation of the reference 
RTRRM system shall be a quarter-car model as shown in 
Figure A-I. with the parameter values indicated therein. 
Input to the simulation shall be the average elevation of 
the left and right wheel tracks. The simulated speed shall 
be the same as the RTRRM test speed. Output shall be 
28 
the calculated ac:cumulated axle-body displacement. The 
final value of the: output is divided by the time needed to 
traverse the road section at the speed being simulated to 
yield the RARV for that section. Whether the simulation 
is implemented digitally or analog, the frequency response 
function of the s~~mulation shall be within 1 percent of the 
reference response function shown in Figure A-1 over the 
frequency range of 0.5 to 25 Hz. 
3.3 Test Sectilons-At least 10 road sections of each 
construction type (i.e., flexible, rigid) to be included in the 
calibration shall be selected in the local vicinity such that 
all can be tested in the period of one day. All test sections 
shall be 0.5 miles or greater in length with the beginning 
and ending points clearly identified by landmarks or tem- 
porary markers. The road sections shall be substantially 
straight, and horr~ogeneous both longitudinally and laterally 
in roughness characteristics. The 10 roads shalI represent 
a range of rouglr~ness levels from the smoothest available 
to the roughest extreme to be calibrated at the selected test 
speed, but not exceeding an RARV level of 2.75 in./sec. 
4. Calibration Procedure 
4.1 Speed-Ciilibrate the RTRRM test vehicle speed 
indicator at the test speeds by traversing an accurately 
measured pavemcsnt of a length appropriate for the method 
of timing. The road should be reasonably level and straight, 
and speed should be held constant. Load the vehicle to its 
normal operating weight and set all tires at the normal 
operating inflation pressure level. Other methods of equiva- 
lent accuracy ma:y be used. 
4.2 Preparation-Turn on all electronic equipment, 
allow time for warm-up, and check the calibrations and 
that all systems are functioning properly. Warm up the 
RTRRM system by driving on the highway at normal 
speeds for a distance of at least 5 miles. 
4.3 Test Sections-Proceed to each test sectio~i with the 
RTRRM test system and the profilometer, ensuring that 
the RTRRM system has been warmed up on the road prior 
to test and has not sat stationary for more than a few 
minutes between warm-up and the actual test. 
4.3.1 RTRRMr System--Check and reset tire pressure 
as necessary prior to each test to the nominal operating 
pressure, plus or minus one psi. Proceed over the test 
section at the prescribed test speed recording the accumula- 
tion of axle-body displacement from the beginning to the 
end of the test section. At the end of the test section 
record the test speed, the accumulated inches of axle-body 
displacement, tht: time to traverse the test section, and the 
ambient weather conditions. Proceed to the other test 
sections and repeat this process. 
4.3.2 Profilomerer-Proceed over the test section mea- 
suring the profiles and/or accumulation of the simulated 
axle-body displacement from the beginning to the end of 
the test section. At the end of the test section, determine 
the RARV by talting the ratio of accumulated inches to the 
simulated time used traversing the test section. If the test 
surface is rough, such that bounce of the road-follower 
wheel could occur, repeat the test for the same simulated 
speed, but at a lower profilometer speed, to confirm the 
RARV measurenient obtained. 
ws! I 
AXLE-BODY RESPONSE FUNCT I ON OF HSR I REFERENCE S IiYULAT ! C!:
Figure A-I. Dynamics of reference road rouglzness measrue- 
ment system. 
5. Data Reduction 
5.1 Calibration-For each test section obtain the RARV 
measured by the profilometer/simulation and the ARV 
measured with the RTRRM test system. Develop the 
calibration relationship by a linear regression of the appro- 
priate data pairs. 
5.1.1 Measured ARV-This quantity is obtained by 
dividing the accumulated inches of axle-body displacement 
by the time needed to traverse that test section. On Miiys 
meter devices, the inches of displacement are equivalent to 
6.4 times the chart paper travel generated over the test 
section length. On PCA meter devices, the inches of clis- 
placement are the sum of counts from all registers, multi- 
plied by the quantization interval (normally % in.). Other 
devices may require other types of data interpretation. 
5.1.2 Linear Regression-The calibration of an RTRR,M 
system may vary with test speed and type of roadway 
(flexible or rigid). At the option of the user, separ,ate 
calibrations may be developed for the system at each 
intended test speed and for each roadway type. Altenla- 
tively, one calibration may be obtained covering both 
flexible and rigid pavements with an expected reduction in 
stated precision of the RTRRM system. A minimum of 
10 data pairs is needed to establish a calibration. A citli- 
bration at each operating speed is necessary unless it can 
be shown that equivalent calibrations can be obtained at 
each speed. The calibration is obtained by a linear regres- 
sion of the RARV against the measured ARV, resulting in 
an equation of the form: RARV = C1 $ C2 X ARV. The 
standard error, with the units incheslsecond, is calculated 
along with the regression equation and recorded with the 
calibration as an indication of its accuracy. 
The calibration is recorded in the form of the foregoing 
derived equation. substituting the letters "CARV" for 
"RARV." The syn~bol CARV then denotes the calibrated 
ARV estimate of the reference ARV, based on measure- 
ments made with that system in subsequent road tests. 
The calibration is identified by recording the date, 
RTRRM test systeim, tire inflation pressure, profilometerl 
simulation system, actual and indicated test speed, pave- 
ment type(s), ambient weather conditions, and standard 
error. The calibration may be plotted on rectilinear graph 
paper as a straight line relating CARV to measured ARV 
for ease in subsequent use. 
5.2 Pavement Roughness Meaurement-The calibra- 
tion obtained above: is used to convert on-road ARV rough- 
ness measurements to CARV units. Because RTRRM 
systems may have varying degrees of sensitivity to test 
speed, pavement type, and ambient temperature, calibra- 
tions should be performed frequently to identify the 
particular sensitivities. The conversion of on-road measure- 
ments to CARV sh~ould then be obtained from the calibra- 
tion most closely related to the on-road conditions. 
STANDARD MUHOD FOR CALIBRATION OF RTRRM 
SYSTEMS ON AN ARTIFICIAL SURFACE 
1. Scope 
1 . 1  This method provides a means to calibrate the 
pavement roughness measurement of a response-type road- 
roughness measurement system (RTRRM system) to a 
standard roughness scale. 
1.2 An RTRRM system is defined as an automobile or 
two-wheel trailer with a solid axle, with instrumentation to 
measure the accum~~lated axle displacement relative to the 
vehicle body causeid by road roughness, and the time 
required to traverse a test section. The roughness measure- 
ment obtained is the ratio of the two measurements and is 
the average rectified velocity (ARV) in units of inches/ 
second. h e  ARV statistic is related to the conventional 
inches/mile statistic according to the relationship inches/ 
mile = 3600 x ARVI V, where V is the test speed in miles 
per hour. 
1.3 The standard scale is the ARV obtained by process- 
ing the true pavement profile through the reference 
RTRRM system simulation defined in the primary cdibra- 
tion method. It is designated as reference ARV (RARV). 
1.4 The method of calibrating on an artificial surface 
is an indirect method of calibrating that yields an estimate 
of the calibration that would be obtained by correlation of 
the subject RTRRM system against a profilometer/refer- 
ence RTRRM system simulat~c: on a large sample of roads 
(i.e., the primary calibration). The calibration on an 
artificial surface is a means of estimating the primary 
calibration with sufficient accuracy to be useful in the 
absence of an availal~ie profilometer system, and is a means 
to monitor RTRRM system performance changes between 
primary calibrations due to changes in the vehicle, environ- 
ment, etc. This calibration method does not include certain 
effects specific to vehicle speed and pavement types ancl 
hence has limited applicability. 
2. Summary of Method 
2.1 The test apparatus consists of a prepared surface 
fabricated from laminations of flat stock materials to yield 
a defined profile containing a relative roughness/wave: 
number content that is related to the average properties of: 
actual roads. The prepared surface is deployed on an1 
existing base surface in a fashion to allow the RTRRM' 
system (to be calibrated) to approach and drive over thiai 
surface with either both left and right wheels on the! 
surface or just the wheels on the left or right side on the 
surface. The base surface is sufficiently smooth that the 
roughness level in the approach area, under the artificial 
surfaces, and in the departure area, is insignificant when 
compared to the roughness of the artificial surface. 
2.2 The RTRRM system to be calibrated is driven five 
times over the test surface at each of five speeds by two 
methods as follows: (1) with both left and right wheels 
passing over the artificial surface simultaneously to yield a 
rough surface calibration point, and (2) with alternately 
the left wheels only and then the right wheels only passing 
over the artificial surface to yield a calibration point at a 
moderate roughness level, The inches of accumulated 
axle-body displacement, accrued during travel over the 
artificial surface and during the subsequent decay of vehicle 
bouncing after leaving the surface, are recorded. 
2.3 A calibration plot for relating the subject RTRRM 
system to the standard scale is developed on rectilinear 
graph paper by plotting two points that are connected by 
a straight line. The two points are: (1) the average 
measured roughness for all tests with both left and right 
wheels on the artificial surface corresponding to a given 
RARV value; and (2) the average measured roughness 
for all tests with the left and right wheels individually on 
the artificial surface corresponding to one-half the given 
RARV value. 
2.4 The pavement roughness measured in ARV units 
by the subject RTRRM test system on actual roads is 
corrected via the calibration plot to obtain calibrated ARV 
(CARV) values. 
3. Apparatus 
3.1 Artificial Surfaces-The artificial surface is created 
by placing N o  basic profile patterns on an existing smooth 
pavement. The two patterns, designated A and B, are 
defined by the profile elevation views shown in Figure A-2. 
The surfaces must be of sufficient width to yield at least 
12 in. (30 cm) of surface to the outside of the vehicle 
tires to allow for tracking variations. The suggested width 
of the surface is 96 in. (2.44 m); or they may be con- 
structed of two pieces centered on the wheel tracks with a 
recommended width of at least 30 in. (76 cm) . 
3.2 Surface Installation-The artificial surface is pre- 
pared by construction and installation of profile segments 
as shown in the layout pattern of Figure A-3. The surface 
consists of four profile segments in the sequential series of 
patterns A-B-A-B with 12 ft (3.658 m )  of space between 
the end of one anti the beginning of the next. All segments 
should be instal1t:d with the leading edges in the same 
direction, although the surface may be used in either 
direction of travel with the same results expected. 
The base surface on which the artificial surface is in- 
stalled shall be in an area free of traffic. The base surface 
shall have low roughness on the area in which the artificial 
surface is installed, in the approach and departure areas 
for at least 100 fit (30.5 m) on either end of the artificiaI 
surface, and in !.he lane on either side of the artificial 
surface. 
On selection of a test area, the area should be cleaned 
to remove any loose gravel or other protuberances that 
would prevent the profile segments from lying over their 
entire length on the base surface. The profile segments 
shall be emplaced and installed securely on the base surface 
either by adhesives or fasteners to ensure that they present 
a firm surface to the tires of the vehicle being caiibrated. 
3.3 Tolerances-In construction of the profile patterns 
as shown in Figure A-2, the vertical dimensions directly 
determine the equivalent pavement roughness represented 
by the artificial surface. For the dimensions shown, a 
four wheel traverse of the complete surface at the caiibra- 
tion speed replicides a pavement RARV value equivalent 
to 1.98 in./sec at a test speed of 50 mph. To ensure 
calibration accuracy, all vertical dimensions should be held 
to within 1 percent of those specified. If, however, the 
availability of materials, construction methods, or other 
factors are such that the resultant vertical dimensions must 
be scaled differently from that shown, the RARV value is 
scaled proportior~ately. In no case should the constructed 
profile be scaled by more than a 10 percent difference from 
that shown. 
The longitudinal dimensions of the profile pattern should 
be maintained within 0.25 in. (0.64 cm) of the design 
dimension. As emplaced on the base surface (Kg. A-3), 
all profile elements should be maintained within 1 .O 'in. 
(2.54 cm) of the design locations. 
4. Calibration Procedure 
4.1 Speed--Calibrate the RTRRM test vehicle speed 
indicator at the test speeds by traversing an accurately 
measured pavement of a length appropriate for the method 
of timing. The road should be reasonably level and 
straight, and speed should be held constant. Load the 
vehicle to its normal operating weight and set all tires at 
the normal operating inflation pressure level. Other 
methods of equivalent accuracy may be used. 
4.2 Artificial Surface Tests-Prior to calibration set all 
tires to 28 psi (192 k Pa). Operate the RTRRM system 
vehicle for at least 5 miles (8 km) on local roads at an 
average speed of about 40 mph (64.4 km/h). Immediately 
after this preconditioning, reset all tires to an infiation 
pressure of 32 i: 1 psi (220 + 7 k Pa). Align the vehicle 
with the artificial surfaces and perform tests with all wheels 
of the vehicle passing over the surface simultaneously. 
Perform 5 tests each at speeds of 13, 14, 15, 16, and 
17 mph (21, 2'2.5, 24, 25.5, and 27 kmlh) using the 
following procedure: 
1. Align the RTRRM system vehicle with the surface 
and accelerate to the test speed prior to reaching 
the surface. 
2. Initiate the roughness measurement as the front 
wheels reach the artificial surface. 
3. Maintain uniform vehicle speed and path while 
traversing the artificial surface and beyond. 
4. As the rear axle leaves the artificial surface, wait 
for the vehicle bouncing to subside and thtm 
terminate the roughness measurement. 
5. Record the test number, the test speed, and the 
inches of accumulated axle-body displacement 
measured. 
6. Repeat the procedure as necessary until all tests 
are completed. Recheck tire pressures periodically 
to ensure maintenance of the specified pressure. 
At the completion of tests with both wheel tracks on tihe 
artificial surface, repeat tests in the same number, speecls, 
and with the same procedures, in which wheels on only 
one side of the vehicle pass over the artificial surface. 
Alternate between the left and right side wheels of t,he 
vehicle. 
The profile patterns are prescribed for a mean calibsa- 
tion speed of I S  mph (24 kmlh); calibration at another 
speed is not valid. 
5. Data Reduction 
5.1 Calibration-The calibration for the RTRRM yys- 
tem is obtained by plotting two points on rectiiinear graph 
paper and passing a straight line through the points. The 
plot is prepared by labeling the ordinate "CARV," and 
the abscissa "Measured ARV." A legend for the graph 
should include additional information, including the vehicle 
identification, operator, date, etc. 
From the test data for four-wheel operation on the 
artificial surface, determine the average inches of roughn~tss 
for all 25 tests ( 5  tests each at 5 speeds). Convert the 
average inches to measured ARV by dividing by the "effec- 
tive time" factor, 6.73 sec. That is, measured ARV= 
average inched6.73 sec. Plot a point on the calibration 
plot corresponding to this value of measured ARV and a 
CARV value of (nominally) 1.98 in./sec. 
From the test data for two-wheel operation on the 
artificial surface, determine the average inches of rouph- 
ness for all 25 tests covering both left and right wheel 
track tests. Convert to measured ARV as above and plot as 
a point corresponding to a CARV value of (nominally) 
0.99 in./sec. A straight line drawn through these points 
is the calibration. 
5.2 Pavement Roughness Measurement-The calibra- 
tion plot obtained previously may be used to correct 1:he 
on-road ARV measurements of the RTRRM system to 
CARV units. No standard error can be associated with 
CARV measurements that are based on this calibration 
method. 
5.3 Notice of Possible Errors-This calibration may be 
used for correcting on-road measurements to CARV in lieu 
of a primary calibration when a profilometer/simulat~on 
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Figure A-2. Elevation! view of artificial surface profile patterns. 
Longi tudintl Dimensions ( f t )  
Tracks 
Figure A-3. Layout pifan for artificial surface profile elements. 
is not available. However, the calibration accuracy is not 
assured. Insufficient damping in the rear suspension is a 
known cause of inaccuracy and is indicated when the 
average accumulateel axle-body travel in a calibration 
exceeds the limit shown in Figure A-4. As shown, the 
limit depends on the: level of meter hysteresis, which is 
found by measuring the difference in axle-body position 
when the meter ente:rs a register (i.e., it "clicks") with 
motion in one direction, and leaves it with motion in the 
other direction. The figure is valid for a surface RARV 
value of 1.98 in./sec; if the actual surface has a different 
RARV value, the ordinate should be rescaled accordingly. 
Ultimately, the calibration obtained with this method 
may in some cases exhibit a systematic difference from that 
obtained in a primary calibration. Hence it should be used 
as a secondary calibration prior to, or between, primary 
calibrations. At such time that a primary calibration is 
obtained, the secondary calibration should be performed 
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concurrently to establish an individual "effective time" 
factor for each RTRRM system. This calibration does not 
compensate for the effects of tirefwheel nonuniformities 
which strongly influence roughness measurements of 
smooth roads, such as new pavement constructions. Hence 
the calibration is not valid for road surfaces with CARV 
values less than 1.0 in./sec. 
DEVELOPMENT OF ARTIFICIAL SURFACE 
CALIBRATION IHETHOD 
The calibration method presented in the preceding sec- 
tion follows the basic notion of calibrating an instrument by 
using the instrument to measure a standard unit of rough- 
ness. Because this approach presumes the existence of a 
standard unit of measure, the first step in the development 
of this method, was the definition of a "standard road" 
that could provide the same calibration as the primary 
profilometer method presented earlier. The fabrication of 
a standardized surface is simplified if the calibratio~t speed 
is reduced, such that the surface provides excitation at 
low speed that is typical of real roads being traversed by 
RTRRM systerns at their normal operating speeds. The 
advantages are that the surface does not have to be as long 
and also that background roughness deriving from the 
underlying surface and from fabrication imprecision is 
easier to maintain at negligible levels. In effect, this is 
accomplished t ~ y  compressing the profile in proportion to 
the ratio: (calibration speed) / (simulated operating speed). 
The pneumatic tire is, however, unable to completely 
respond to changes in pavement elevation if they occur 
within distances that are comparable to the length of the 
contact patch between tire and pavement. Small surface 
features are "el~veloped" by the tire, resulting in less force 
being transmitted to the vehicle. If the calibration speed is 
too low, the tirie enveloping will attenuate too much of the 
roughness for the calibration to be valid. Thus the calibra- 
tion must be based on an adequate understanding of tire 
enveloping as well as on an understanding of the properties 
of normal roads. Accordingly, the phenomenon of tire 
enveloping was investigated, and the findings are presented 
in this section. 
The actual design of an artificial surface used to calibrate 
RTRRM systerns is the result of a number of trade-offs. 
The main concern during this project was to develop a 
surface that was easy and cheap to fabricate and to devise 
a calibration method that was simple to follow and required 
no auxiliary inljtrumentation other than the road meter in 
the RTRRM system. As a result, the calibration method is 
subject to errors. Because of this, and the fact that the 
method has no!: been fully demonstrated in the field, some 
of the properti~cs of the bumps are described to aid those 
users of RTRR.M systems who might further develop the 
calibration methodology. Also, suggestions are made for 
the immediate direction that the further development 
should follow. 
Properties of the Standard Road 
Pavement elevation changes randomly along the length 
of most roads,, requiring that descriptions of profile be 
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Figure A-4. Shock absorber acceptability criterion. 
statistical. In the past 20 years, spectral density functions 
have been found to be useful descriptors of highway and 
airfield runway pavements. The spectral density of' an 
individual pavement section is generally unique, but when 
the spectral densities of a large number of roads are 
compared, they are seen to have similar shapes. The 
uniqueness of the spectral density of any given section of 
pavement is the reason that measurements made with 
different RTRRM systems do not agree perfectly, and why 
a large number of roads must be included in an on-;road 
calibration. (On the other hand, the commonality between 
spectral densities of different pavement sections is the 
underlying reason that even dissimilar roughness measiure- 
ments are correlated.) A calibration could be performed 
with just two surfaces if both were known to have only 
"average" properties and none of the unique features 
common to real roads which bias the calibration. Clearly 
the development of an artificial surface for calibration of 
RTRRM systems begins with the question, What is the 
spectral density of the average road? 
Analytic expressions have been suggested by various 
researchers to use as a road model, for calculations, when 
measured profiles are not available. Houboult ( 2 5 )  sug- 
gested a model for airfield runways that is the most well- 
known road model and is defined as 
where Gz(v) is the (model) road spectral density, v is 
wave number (wave number = 1 /wavelength), and Go, 
the sole parameter in the model, is a scaling factor that 
indicates the level of roughness. As more highway pave- 
ments were profiled, it became apparent that real road 
spectral densities have higher amplitudes at low wave 
numbers than predicted by the model. More recent mcrdels 
that have been suggested have included additional parame- 
ters to provide the capability for better matching measured 
spectral densities. But parameter values that allow the 
models to represent average roads have not been esitab- 
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Figure A-5. Normalized specrrai densities of European con- 
crete roads. 
Ya~vc Number (cyclc/ft) 
Figure A-6. Normalized spectral de~~sities of  European bi- 
tuminous roads. 
lished. A suitable model should have just one parameter 
that establishes the roughness, and the model should be 
validated by comparison with a large number of measured 
spectral densities. Given that highway personnel have 
traditionally differentiated between roughness measure- 
ments of flexible and rigid pavements, it is likely that 
separate models are needed for different construction types. 
Figures A-5 and A-6 show measured spectral densities 
of a number of European roads (26). The figures show 
slope spectral densities rather than elevation spectral densi- 
ties, because slope spectrai densities do not change as much 
with wave number and peculiarities of individuai spectra 
are thus easier to distinguish. Each measured curve was 
normalized (resealed) in the figures to better show the 
common shape of the different curves. The heavy black 
lines depict an analytic spectral density function that was 
selected to best match the measured curves and define the 
average road model. The equation of each line is 
The only difference between the models for rigid and 
flexible pavements is the value given to the parameter vo; 
a value of 0.02 cycle/ft is suggested for rigid constructions 
and a value of 0.05 cycle/ft is suggested for flexible 
construction. No trend is apparent that would indicate that 
the shape of the model specfral density should be different 
for smooth and rough roads; thus the single equation is 
offered for all levels of roughness that were included in the 
survey. The model was found to also agree with measured 
spectra for Texas roads (27) and with the 18 Ann Arbor 
roads profiled during the Correlation Program. 
When a road is traversed by a vehicle, it is perceived as 
a moving elevation. A standard calibration excitation 
should provide the same input to the RTRRM system 
vehicle as a road with properties specified by the foregoing 
equation, when said road is traversed at the normal 
RTRRM system measurement speed. On the basis of the 
transformations in Appendix C, the spatial spectral density 
of the calibration surface should be 
Gz'(v) = Goal + (Cvo/v)*] (ft/ft)2ft/cycle (A-3)  
where C is the ratio of the simulated measurement speed 
to the calibration speed. 
Tire Enveloping 
Background 
All of the forces that act on a vehicle in response to 
road roughness must be transmitted by the pneumatic tires, 
starting at the contact patch between tire and pavement. 
Although it is true that a tire acts much like a linear spring 
when the entire contact patch area is moved up and down, 
the force transmissibility actually varies throughout the 
contact patch. Thus, when the tire rolls over a bump or 
other pavement feature, the force transmitted to the spindle 
changes with the position of the bump within the contact 
patch. Figure A-7 illustrates the relationship between 
vertical spindle force and longitudinal position, when the 
tire is rolled over a very small cleat that extends across the 
width of the contact patch (perpendicular to the direction 
of travel) but is narrow compared to the length of the 
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contact patch. Lippman ( 2 8 )  has shown that tire envelop- 
ing can be treated as a linear behavior by successfully 
predicting force responses to various cleat shapes from the 
force responses to simple step inputs. (The response shown 
here would be predicted by adding the response to a 
positive step input with the response to a negative step 
input, with the two edges of the steps separated by the 
width of the cleat.) 
Because the tire linearly relates spindle force to displace- 
ment throughout the contact patch, the simple concept of 
the tire as a linear spring need not be abandoned; rather it 
can be supplemented by the addition of a separate model 
of the contact patch enveloping. The displacement seen by 
the simple tire spring would still be a single-valued eleva- 
tion, but instead of being the pavement elevation at the 
center of the contact patch, it would be a weighted average 
of the profile under the entire contact patch. This weight- 
ing function can be measured by rolling the tire over a 
cleat narrow enough to approximate an impulse function 
input, as illustrated in the figure. ( A  more precise way of 
measuring the weighting function is by rolling the tire over 
a step, and then differentiating the response, because the 
derivative of a step input is an impulse function with a 
magnitude exactly equal to the height of the step.) 
Tire envelopir~g can also be characterized as a wave 
number response function to better illustrate how the 
phenomenon affects RTRRM system calibration. The wave 
number responsc: function is equivalent to a spatial fre- 
quency response: function, obtained by calculating the 
Fourier transform of the weighting function. Figure A-8 
shows the wave number response function calculated from 
the weighting function shown in the previous figure. The 
gain of the function is scaled to the unity for a wave num- 
ber of zero ( a  flat surface), under which condition changes 
in vertical spindlle force are simply the result of the tire 
spring rate. But for increasing wave numbers, the envelop- 
ing function attenuates the input, such that the amplitude 
of variations in tlhe vertical force will be less than predicted 
by the tire spring; rate. And, at certain wave numbers, the 
enveloping completely attenuates the input such that no 
force variations would be observed if the tire were rolled 
over a sinusoidal surface having the "nodal" wave number 
indicated in the figure. 
An artificial surface should not be designed to contain 
excitation vital for a valid calibration at wave numbers 
near the first nocle in the tire enveloping function. Ideally, 
all of the significant excitation should be at wave numbers 
that are low enough that the enveloping does little to 
attenuate the input. Alternatively, the input can be boosted 
at wave numbeirs near the first node, anticipating the 
attenuation. Thus the vehicle is ultimately given the proper 
excitation which corresponds to traversing an average road 
at the normal RTRRM system measurement speed. 
The little published information on tire enveloping is not 
adequate to quantify the enveloping mechanism to the 
extent needed far proper design of a low-speed artificial 
surface for RTRRM system calibration. Measuring the 
weighting functions or wave number response functions 
for a selection elf tires was beyond the scope of the re- 
search, but analysis of the enveloping phenomenon reveaied 
I 
Distance X 
Figure A-7. llhsfration of tire envelopment. 
Wave Number 
Figure A-8. Fourier transform of weighting junction shown in 
Figure A-7. 
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that the necessary information could be obtained with 
relatively few tests. 
Tire Envelopitlg Tests 
A tire rolling over a pavement irregularity generates 
vertical force that is perceived by the vehicle as a function 
of time. The weighting function and wave number response 
function, shown in Figures A-7 and A-8, are seen as 
functions of time and frequency, and are related to the 
spatial functions by thle speed of the vehicle. The first 
nodal wave number needs to be established to ensure that 
the calibration speed is selected to keep the corresponding 
frequency above the eifective response limit of RTRRM 
systems. 
Accordingly, a series of tests was designed and conducted 
to locate this node. The! Highway Safety Research Institute 
test vehicle (1976 Pontiac station wagon) was instru- 
mented with necessary irecording equipment, along with an 
accelerometer mounted on the rear axle, near the right- 
hand wheel. The car was then driven over small bumps, 
such as welding rods and pieces of angle iron attached to 
the pavement. The resulting axle motion was the combined 
result of the dynamic r1:sponse to the bump and pavement 
and of the attenuation alf the excitation due to tire envelop- 
ing. The signal from the accelerometer was processed by 
a real-time spectrum ar~alyzer to determine the frequency 
content of the axle motion. 
A number of tests were conducted, with speed (measured 
with a fifth wheel) and tire pressure varied. In all of the 
resulting frequency response plots, a node was evident. 
The node was seen to be at the same wave number when 
only the test speed was varied--evidence that it was caused 
by tire enveloping. As Figure A-9 shows, the nodal wave 
number was sensitive to tire pressure; hence, a (hot) tire 
pressure of 32 psi was selected and maintained for RTRRM 
system vehicles during calibration. (This corresponds 
approximately to a cold tire pressure of 28 psi.) At 32 psi, 
the nodal wavelength is 0.95 ft. 
Tire Enveloping Model 
A model of the tire-enveloping attenuation up to the first 
nodal wave number was; needed for analysis and design of 
the artificial bumps. 'The simple model of a constant 
weighting function s h o w  in Figure A-10 proved sufficient. 
In the model, the sensitivity of the tire to pavement irregu- 
larities is uniform for a cenain length and zero elsewhere. 
The figure also shows the whve number response function 
that is associated with this assumed weighting function. 
The advantage of this model is that it is completely defined 
by a single parameter--the weighting function length- 
which is also the first noctal wavelength. 
Analyses were made to estimate the magnitudes of errors 
that could be expected from using this model in lieu of the 
exact wave number response function. Published data 
indicate that a much better model of the tire-enveloping 
weighting function would be the difference between two 
uniform weighting functions. Figure A-1 I compares the 
two models with a real tire ( 2 8 )  by showing the vertical 
force resulting when the tire is rolled over s step input. 
Michelin 7015-R 
1.20 0 Melding Rod 
- 0 Angle Iron 
I 
. m 1 + 1 ' 1 * 1 1 ' r ' ' ' ' 1 4 0 8 1  
22 24 26 28 30 32 34 36 38 40 
Tire Pressure (ps i )  
Figure A-9, Measured modal wavelengths. 
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Figure A-10. Simple tire enveloping model. 
The figure also shows the three weighting functions and 
the corresponding wave number response functions. Note 
that the more complex model requires three parameter 
values; thus perfect agreement between the two models is 
impossible. The frequency response functions for a variety 
of parameter combinations were calculated and compared 
with the simple model. It was found that when the correct 
nodal wavelength is provided to the simple model, there is 
good agreement for wave numbers below the first node, as 





Figure A-11. Conrrparison of two tire-enveloping models 
with representativ~c measurement. 
simple model w;is used to predict tire-enveloping effects 
when needed during the project. (Agreement between the 
models suffers al: wave numbers that are higher than the 
first node, but this wave number range has little effect on 
RTRRM system ]?erformance.) 
Design of Artificial Bumps 
The artificial surface that was developed was intended to 
simulate a rough bituminous pavement being traversed at  
50 mph. On the basis of the tire-enveloping data, a calibra- 
tion speed of 15 mph was selected. At this speed, the first 
node is at 23 Hx:, which frequency is generally above the 
frequency range that affects RTRRM system measure- 
ments. The main consideration was keeping the attenuation 
less than 50 percent for frequencies less than 15 Hz, which 
resulted in the ml.nimum speed of 15 mph. Still, 50 percent 
is a significant attenuation. Accordingly, the model road 
spectral density function was divided by the tire enveloping 
wave number re:;ponse function for wave numbers up to 
0.75, thereby boosting the high wave number roughness to 
compensate for the increased tire enveloping effects at the 
low calibration speed. The road model shows large spectral 
density amplitudes at very low wave numbers, so :he low 
frequency end was limited for wave numbers less than 
0.023 cycle/ft. a value that corresponds to 0.5 Hz and is 
below the response limit of RTRRM system vehicles. 
A spectral density function contains no phase informa- 
tion, and as a result any number of profiles could be con- 
structed to match the specified spectral density. A number 
of profiles were generated on the computer by summing; a 
series of sine waves with very small amplitudes and ~11th 
phase angles set randomly. 
To simplify the task of fabricating an artificial surface, 
the difIerent surface profiles generated on the cornputter 
were examined for sections that could be created by placing 
bumps on an existing smooth pavement. This required that 
the profile begin and end at a minimum elevation. I t  alas 
also necessary that the roughness be more-or-less unifornlly 
distributed over its length. For initial tests, a total length 
of 60 f t  was desired. For ease of handling, candidate 
sections that could be provided by two bumps, 20 to 30 h 
long, placed on an existing flat pavement were preferrt:d. 
To  further simplify the task of fabricating the bumps, the 
different candidate sections were quantized to changes in 
elevation of % in., so that they could be constructed from 
plywood and masonite or other flat stock materials. 
An unwanted result of the modifications of the comput~er- 
generated surfaces is that the actual spectral density of the 
artificial bumps does not match the design spectral density. 
In effect, the spectral density quality has been traded off 
to provide a bump design that is easier for the RTRRM 
system user to deal with. A variety of simple bumips 
designed as previously described were analyzed to select 
the pair that had a spectral density closest to the original 
design. 
Preliminary testing, with just two bumps, showed that 
measurement precision was a problem. The source of this 
problem was the small amount of axle-body travel accumu- 
lated in a single pass together with the quantization levels 
in commercial road meters. Accordingly, a second set of 
bumps was fabricated to double the magnitude of the 
measurements from the road meters. However, a random 
error still exists; thus the calibration procedure suggested 
in the previous section requires a number of passes to 
average out this error. More bumps could be added by 
users performing daily calibration checks in order to 
achieve a good calibration with fewer passes. Note that if 
a longer artificial surface is anticipated from the start, a 
larger set of unique bumps could be designed which would 
match the design spectral density better than the two 
bumps defined in Figure A-2. 
Properties of the Artificial Bumps 
Figure A-12 compares the actual spectral density of the 
artificial bumps with the design spectral density. Compiar- 
ing this figure with Figures A-5 and A-6 indicates that the 
artificial bumps deviate less from the average road curve 
than do most individual roads, althoagh it is also clear that 
the match is not perfect. The notable peculiarities are that 
the bumps provide too much excitation at wave numbers 
corresponding to frequencies of 0.7, 6, 11, and 13 132 
b 're: Frequencies shwn are for 15 mph) 
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Figure A-12. Spectral density of artificial surface. 
(at I5 mph). But the proper excitation is provided near 
the body resonance of RTRRM system vehicles (1 to 
1.5 Hz), and the excesses near the axle resonance are 
compensated by less excitation at adjacent frequencies also 
near the axle responance. To minimize the effects of these 
imperfections, the suggested calibration procedure requires 
testing at several speeds to effectively "smear" the peaks 
and troughs in the spectral density together. 
The actual response of the HSRI reference to the arti- 
ficial bumps is shown in Figure A-13 (with the simulation 
modified to include the tire-enveloping model). The figure 
also breaks down the total simulated inches of axle-body 
travel as averaged ove:r speeds of 13, 14, 15, 16, and 17 
mph. These values can be used to calculate the accumu- 
lated inches that woulci be simulated for a different number 
of bumps, with the relalion: 
Inches of tra~vel= 6.80 + (n-I) X 6.54 (A-4) 
where n is the nurnkr of sets of bumps used (all spaced at 
12-ft intervals). Thus, when two sets are used, as specified 
in the previous section, the HSRI reference should accumu- 
late 13.34 in. of axle-body travel. The design RARV value 
for the bumps is 1.98 i!n./sec. Inches of accrued axle-body 
travel that are measured with RTRRM systems are con- 
verted to ARV by dividing the measured value by an 
"effective time" that is found by ratioing the simulated 
inches of axle-body travel of the HSRI reference by the 
RARV value. A time of 6.73 sec is obtained when two 
sets of bumps are used. 
If the actual dimensions of the bumps differ from the 
specifled geometry, the inches of travel, calculated by the 
foregoing equation, and the RARV value should be scaled 
accordingly. When only one side of the vehicle is driven 
over the bumps the RARV value should be reduced by 
50 percent, but the "effective time" is unaffected. 
RTRRM systems will display a speed sensitivity when 
operated on the bumps. Also, the measurements will be 
more sensitive to tire pressure than during on-road opera- ' 
tion, because the tire pressure affects not only the tire 
spring rate but also the tire-enveloping behavior. Table 
A-1 gives the sensitivities of the HSRI reference simulation 
to both speed and the first nodal wavelength in the envelop- 
ing model described earlier to indicate the sensitivities that 
can be expected. 
To estimate errors that could be obtained by calibrating 
RTRRM systems with vehicles that do not have response . 
properties identical to the HSRI reference, a number of 
different vehicles were simulated on the bumps. Figure 
A-14 illustrates the response functions of the different 
simulated vehicles and also shows the measurements that 
would be obtained, along with the percent errors, if they 
were calibrated according to the method specified in the 
previous section. In general, the figure shows that the 
well-damped version of each of the five basic vehicle types 
is given a smaller error. 

Recornr?~endarions for Further lmproventents 
Clearly the artificial bump calibration method can bene- 
fit from further developments. Basically, there are two 
directions that can be taken. First, the artificial bump 
design and calibration rnethod can be improved. A better 
surface could be developed by using more than two bump 
patterns, with the result of a closer agreement between the 
actual spectral density and the intended spectral density. 
Also, different surfaces could be generated to simulate 
PCC roads and speeds other than 50 mph. The second 
direction is to take the existing method and gather a more 
substantial amount of experience with its use. Given the 
current state of development and the limited results from 
the Correlation Program, the latter direction would be 
more fruitful. Some of the questions about this calibration 
method that can only be answered by first-hand experience 
in the daily calibration of RTRRM systems are: 
1. What is the reliability of this method with different 
RTRRM systems? Can it be counted on to provide the 
same calibration as a profilometer? 
2. What is the trade-off between the number of bumps 
used during calibration, the number of passes at each speed, 
and the precision of the calibration? 
3. What improvement in the precision is obtained by re- 
ducing or eliminating meter nonlinearities? 
4. Does the selection of tires for the vehicle portion of 
the RTRRM system overly influence the calibration? 
Ultimately, the artificial bump calibration method is pre- 
sented as a short-term solution for agencies that have no 
access to a profilometer. An intensive effort to optimize 
the artificial bump calibration method is not recommended, 
because it is hoped that the long-term solution lies in the 
availability of road roughness measurement systems, based 
on profiiometer technology, that will make RTRRM sys- 
tems as they now exist obsolete. 
APPENDIX B 
ROAD ROUGHNESS EFFECTS ON VEHICLES 
The primary interest in road roughness today i s  i t s  excitation of 
vibrations in the road-using vehicles affecting the ride comfort and 
causing vehicle deterioration. The vibrations induced are random in 
nature and can be described by any one of a large choice of variables. 
Sel ec,ting a variable by which t o  quantify roughness should be approached 
from an understanding of the vehicTe dynamics mechanisms involved. 
Choic~e of a Roughness Variable -
Applying this approach t o  selecting a roughness variable related 
t o  ride comfort results in the logical choice of the Average Rectified 
Veloc~i t y  ( A R V )  s tat ist ic measured for the suspension motions on vehicle- 
response-type measuring systems. That measure appears suitable for 
quant:ifying many of the vehicle vibration effects influencing costs t o  
the road user, as described in the next section. 
The basis for choosing the ARV s ta t is t ic  derives from the rela- 
tionship between vibrations and ride comfort. Ride vibrations are 
traditional ly measured in terms of the accelerations produced a t  various 
points on the body of a motor vehicle. Characteristically, those 
accelerations have an amplitude and frequency content similar t o  the 
spectrum shown in Figure B-1 , obtained from measurements on a typical 
passenger car. The IS0 curves shown in the figure approximate the rider 
sensitivities t o  accelerations throughout the spectrum. Such da ta  would 
indicate t h a t  the ride comfort experienced i s  predominately determined 
by thle acceleration ampl i tudes beginning near 1 Hz (the body bounce 
frequency) and extending through the peak a t  10 Hz (axle resonance fre- 
quency). Though the evidence is sparse, there is  indication t h a t  the 
discomfort experienced i s ,  a t  least t o  a first-order approximation, 
1 inearly related t o  the general ampl i tude of the acceleration spectrum 
[I 71 ,, * 
*See References in main text. 
Figure B-1. Comparison of measured spectral density o f  
passenger acceleration w i t h  IS0 vibration 
standards.. 
The measurement o f  road roughness by veh ic le  response systems i s  
based on measurement o f  the suspension motions on the  vehic le.  The 
suspc!nsion motions a r e  a l s o  a random s igna l  having a c h a r a c t e r i s t i c  
spectra1 shape. The motion can be q u a n t i f i e d  by displacement, v e l o c i t y  
o r  acce le ra t i on  measures. O f  these three, t he  v e l o c i t y  s igna l  (see 
Figure 8-2) has a spec t ra l  content  most s i m i l a r  t o  the  r i d e  accelera- 
t ions ,  and i t s  amp1 i t u d e  i s  p ropor t iona l  t o  t h a t  o f  t h e  accelerat ions.  
Thus a f u l l  measure o f  the  suspension v e l o c i t y  s igna l  over  t h i s  
frequency range i s  t h e  most l o g i c a l  c o r r e l a t e  t o  veh i c le  acce lera t ions  
and r i d e  comfort. With most roughness measurement schemes, t he  suspen- 
s ion  d e f l e c t i o n s  a re  accumulated wh i l e  t rave rs ing  a t e s t  sect ion. 
Common p r a c t i c e  i s  t o  d i v i d e  t h i s  t o t a l  displacement by the  t e s t  sec t ion  
1engl:h t o  ob ta in  a measure o f  t he  suspension displacement caused by 
roughness per  u n i t  d is tance t rave led .  I f  instead, the  accumulated d i s -  
placement i s  d i v ided  by the l eng th  o f  t ime requ i red  t o  t raverse  the t e s t  
sect ion, an Average R e c t i f i e d  Ve loc i t y  (ARV) i s  obtained. That numeric 
i s  then e f f e c t i v e l y  equ iva len t  t o  the i n t e g r a l  f o r  t he  veh ic le  response 
spec1:rum shown i n  F igure  8-2. 
Appl ii cabi 1 i ty o f  ARV t o  Road User Costs 
There a re  many p o t e n t i a l  ways i n  which road roughness may c o n t r i b u t e  
t o  user cos ts  associated w i t h  operat ion on a highway. Among these are: 
1 )  Increase i n  t i r e  wear and road hazard f a i l u r e s  
2) S teer ing  and suspension wear 
3) Component f a i l u r e s  (spr ings,  brackets, e tc .  ) 
4 )  Cargo damage 
5) Slower t ranspor t  speeds. 
Many o the r  ways undoubtedly can be postulated. The a b i l i t y  t o  d iscover  
the  r e l a t i o n s h i p  between these c o s t  f a c t o r s  and road roughness from 
empi r ica l  data can be confounded by an inappropr ia te  choice o f  a rough- 
ness s t a t i s t i c .  I n  every case i t  i s  advisable t o  consider  the  physical  
mechamisms t h a t  may be invo lved before choosing the  roughness s t a t i s t i c  

t o  be tested in a correlation analysis. I t  is  suggested t h a t  the l i t t l e  
recognized ARV s ta t is t ic  may be the best choice for many of the analyses 
performed. 
The ARV s ta t is t ic  is  numerical ly  proportional t o  the acceleration 
levels on a vehicle induced by the roughness a t  any speed. This is  not 
true of the "mrn/km" type statist ics currently i n  use. Consider a rural 
and urban road each with the same "mm/kmn value as measured a t  32 km/h. 
Though these two roads may be considered equivalent in roughness, if  
the rnean traffic speed on the urban road i s  30 km/h and that on the 
rural road is 60 k m l h ,  they are not equivalent t o  the user. I n  actual ity, 
the effective roughness on the rural road will be on the order of 
50-100 percent greater t h a n  t h a t  of the urban road because of the higher 
travel speed. Even worse, i f  the "mm/kmi' s ta t is t ic  were measured a t  30 
km/h on the urban road and 60 km/h on the rural road, in most cases the 
rural road would yield a lower numerical value, erroneously implying t h a t  
the rural road i s  in fact better. Only when the roughness is  measured 
as an ARV s ta t is t ic  a t  the appropriate traffic speed is a true evalua- 
tion of the effective roughness obtained. 
The ARV s ta t is t ic  i s  then the measure t h a t  closely relates t o  
vibration levels on using vehicles. Hence, i t  i s  directly related t o  
ride di scomfort and the associated phenomenomargo damage. Where 
roughness magnitudes are so h i g h  t h a t  travel speeds are limited, the 
driver stimulus t h a t  controls the speed i s  most certainly the discomfort 
and the perception of excessive vibrations in the vehicle. Within the 
U.S.  mil i tary establ ishment , research has determined relationships 
between the acceleration levels imposed on a driver and maximum travel 
speetis [18,19]. I t  isldoubtful that these 1 imi ts  apply directly t o  
civil ian transport, especially in the case of the owner/driver where 
perception of vehicle damage may be the control 1 ing factor. Nevertheless, 
methodology has been established indicating the potential for relating 
a direct vibration measure, such as the ARV, t o  limitations on transport 
speed. 
Wear in vehicle suspension and steering system components i s  
logically related to force levels and motions on the components. Force 
levels are proportional t o  accelerations and hence the ARV. The rate 
a t  whiich motion occurs is again proportional t o  ARV. Component failures 
occur as a result of repeated applications o f  force, and the l i f e  of a 
component i s  cl assical ly bounded by the relationship o f  stress (force) 
level and cycles t o  failure, as illustrated in Figure 8-3. Components 
are itleally designed to keep stress levels below the material's endurance 
limit, so that the component life. i s  effectively infinite. Therefore, 
the faiTure rate of vehicle components i s  expected t o  relate directly 
to force magnitudes imposed by road roughness. 
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Figure 8-3. Cycle l i f e  as a. function of maximum stress, typicat 
of mild steels* 
'Tire wear can be linked to roughness through the scrub action 
associated wi th  suspension motions and wheel bouncing. Bead, tread and 
sidewlall failures may be linked with severe loadings and excessive 
deflections. In both of these cases, the ARV i s  a logical correlate 
of the effects. 
Thus the ARV concept i s  seen ta have a broad basis for integration 
into analysis o f  road-user costs. The emphasis here i s  on concept 
because i t  is not the s t a t i s t i c  i tself  so much as the vehicle behavior 
that i t  reflects which is important, In the main report, i t  has been 
indicated that  the ARV is simply a complementary form of am ARS statis-  
t ic,  such as the "mm/km," Its primary value l ies i n  clarifying the 
systematic relationship between ARS statf  st ics,  travel speed and vehicle 
vibrations- From that understanding i t  i s  possible to rational ize the 
benelfits o f  measuring roughness a t  d i f f e r e n t  speeds, how and where 
speed co r rec t i ons  can be app l ied  t o  roughness data, and how roughness 
data may be best employed i n  road-user cos t  s tudies.  Extensive i n f o r -  
mation on road roughness e x i s t s  throughout the  world. It i s  n o t  
necessary t o  d i sca rd  t h i s  va luable data, bu t  recognize t h a t  i t s  value 
i n  a p p l i c a t i o n  may be g r e a t l y  enhanced on occasion by t r a n s l a t i o n  t o  
the  ARV form. 
APPENDIX C 
APPRAISAL OF TRRL HORIZONTAL BAR 
In t roduc t i on  - 
The TRRL Overseas U n i t  i s  c u r r e n t l y  i n  the  process o f  developing 
a  sirr~ple electromechanical device f o r  t he  purpose o f  p rov id ing  an 
o b j e c t i v e  measure o f  road roughness proper t ies ,  which has been t e n t a t i v e l y  
labe led  the  "Hor izonta l  Bar." The device cons is ts  o f  a  three-meter 
r i g i d  bar which i s  pos i t ioned ho r i zon ta l l y ,  o r  o p t i o n a l l y - p a r a l l e l ,  t o  
t he  road surface. A movable ca r r i age  on the  bar  supports a  small 
( -& inch diameter) pneumatic t i r e  which i s  r o l l e d  along t h e  road sur- 
face d i r e c t l y  beneath the  bar. The v e r t i c a l  motion o f  the  wheel center  
i s  sensed r e l a t i v e  t o  the  datum l i n e  o f  the  bar. 
I n  essence, the  device i s  a  simple manual p ro f i l ome te r ,  l a r g e l y  
mechanical i n  nature, considered appropr ia te  techno1 ogy f o r  use i n  1  ess 
developed countr ies.  Two p o t e n t i a l  appl i c a t i o n s  a re  envisioned f o r  
the dievice: 
1 )  The measurement o f  a  surmary sur face roughness 
s t a t i s t i c  
2) The d i r e c t  measurement of road sur face p r o f i l e s  by 
1  abor i n tens i ve  methods. 
The f i r s t  a p p l i c a t i o n  was the pr imary TRRL mot ive fo r  development 
o f  th,e system. I n  l i g h t  o f  the  understanding o f  road roughness measure- 
ment problems developed i n  the research behind NCHRP Report #228, a  
number o f  p i t f a l l s  a re  evident.  The app l i ca t i ons  o f  the Hor izonta l  Bar 
device a r e  the re fo re  discussed here t o  p o i n t  ou t  the  problems t h a t  may 
be ant ic ipa ted ,  and p o t e n t i a l  approaches t o  so lu t i on .  
Measurement o f  a  Summary Roughness S t a t i s t i c  - 
The Hor izonta l  Bar was conceived as a  means f o r  o b j e c t i v e l y  
measuring the  v e r t i c a l  dev ia t ions  o f  a  road surface as an i n d i c a t o r  o f  
roughness, analogous t o  the  "mm/kml' measure obtained w i t h  the  Bump 
Integrator, b u t  without i ts  problems of variations in dynamic response. 
This type of measure i s  termed a "surrmary s t a t i s t i c "  because i t  reduces 
a conrplex roughness waveform to a single numerical value. I t  f i r s t  
should be understood that  t h i s  s t a t i s t i c  i s  a measure of the road slope 
devia~tions from zero ( i  .e. , the deviations from a f l a t ,  smooth road). 
Though not numerically equivalent to  the RMS slope, the "mrn/kmH i s  very 
similar to-and highly correlated wi th-the RMS slope. The benefit of 
recognizing th i s  i s  that  i t  i s  possible to predict i t s  properties from 
a knowledge of the RMS properties which are  well established mathe- 
matical ly for  random signals of the nature of road roughness profiles.  
From comprehensive studies of road roughness character is t ics ,  i t  
has been determined that  the road slope properties vary w i t h  wave number 
on the average, a s  shown i n  Figure C-1. (Note that  wave number i s  the 
spaciial frequency i n  cycles/f t ,  and i s  equal t o  llwavelength.) The PSD 
plot indicates that  the road slope amplitude content i s  greatest  a t  
low wave number (long wave1 ength) , b u t  re1 atively constant thereafter 
w i t h  wave number. The mean square value i s  equal to the area under 
the curve, hence i t s  value i s  direct ly  related to  the wave number band 
that  i s  measured. 
From t h i s  understanding, i t  may be projected tha t  the summary 
roughness measurement of "mm/kmU obtained w i t h  the Horizontal Bar will 
be direct ly  proportional to  i t s  wave number bandwidth, and will vary 
w i t h  the factors that  determine i t s  bandwidth. A t  the low wave number 
extreme ( i  . e . ,  long wavelength), the low cutoff wave number i s  determined 
by the procedures and accuracy w i t h  which the datum plane i s  established 
by pllacement of the bar. Whether recognized or not, a low cutoff l imit  
will ex is t  and cause variations i n  the measurement which depend on the 
accuracy w i t h  which the level of the bar i s  established. Under no 
circumstances should the bar be placed "parallel" to the road in an 
uncontrolled manner, as i t  may be expected that  the low cutoff l imi t ,  
and hence the summary roughness measure, will be subject t o  variation 
as a consequence of the specific procedures used in each measurement. 
A t  the h i g h  wave number extreme of the measurement bandwidth, 
similar 1 imitations ar ise .  The upper 1 imit i s  dependent on the radius 
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Figure C-1 . Typical spectral densities o f  pavement slope 
(average of two tracks). 
o f  the  f o l l o w e r  wheel used, i t s  hardness ( i n f l a t i o n  pressure),  and the  
load ing  aga ins t  t he  ground. As w i t h  pneumat ic- t i red vehicles, the  exact 
measurement obtained w i l l  depend on the  envelopment p rope r t i es  o f  the 
t i r e , ,  on l y  i n  t h i s  case, the  e f f e c t  w i l l  be f a r  d i f f e r e n t  from t h a t  o f  
veh i c le  t i r e s  because o f  t h e  r a d i c a l l y  d i f f e r e n t  dimensional s i z e  and 
s t i f f n e s s .  A l l  i n  a l l ,  i t  may be a n t i c i p a t e d  t h a t  the  Hor izonta l  Bar 
may respond t o  wave numbers perhaps an o rde r  o f  magnitude h igher  than 
t h a t  seen by veh ic les .  Hence, the  Hor izonta l  Bar w i l l  be espec ia l l y  
s e n s i t i v e  t o  pavement t e x t u r e  c h a r a c t e r i s t i c s  t o  a  degree f a r  i n  excess 
o f  t h a t  o f  a  vehic le.  Thus a  h igh  degree o f  random e r r o r  w i l l  occur i n  
e f f o r t s  t o  c o r r e l a t e  f i f t h  wheel o r  vehicle-mounted devices w i t h  the 
Hor izonta l  Bar, and i t  can be pro jec ted  t h a t  such e f f o r t s  would u l t i -  
matelly lead t o  separate re1 a t ionsh ips  f o r  d i f f e r e n t  classes o f  road 
t e x t u r a l  p roper t ies .  
Theore t i ca l l y ,  the  Hor izonta l  Bar device w i l l  ob ta in  a  roughness 
measurement t h a t  i s  rough ly  p ropor t iona l  t o  the  area under the  curve 
shown i n  F igure  C-2. To be most e f f e c t i v e ,  i t s  roughness response 
bandwidth should c l o s e l y  match t h a t  o f  road vehic les,  bu t  i t  i s  q u i t e  
u n l i k e l y  t h a t  such equivalence can be obtained w i t h  a  simple mechanical 
device. 
As i t  turns  out, TRRL has a l ready observed e m p i r i c a l l y  the  sensi-  
t i v i t y  o f  t h i s  device t o  h igh  wave number roughness ( i  .e., an exaggerated 
s e n s i t i v i t y  t o  road t e x t u r e  c h a r a c t e r i s t i c s ) .  Development has been 
i n i t i a t e d  f o r  means t o  d imin ish  t h i s  s e n s i t i v i t y .  One method, so f ten ing  
the  t i r e  by going t o  an i n f l a t a b l e  pneumatic t i r e ,  i s  cons t ruc t i ve  
inasmuch as i t  s t r i v e s  t o  approach the envelopment behavior o f  veh i c le  
t i r e s ,  b u t  obviously  must overcome the  nagging problems o f  mainta in ing 
cons is ten t  performance w i t h  normal v a r i a t i o n s  o f  i n f l a t i o n  pressure, 
temperature, wear, etc .  
Add i t i ona l l y ,  t he  inst rumentat ion system has been modif ied, i n t r o -  
ducing quant iza t ion  o f  2.5 mm and hys teres is  o f  1  mm, t o  suppress the 
observed s e n s i t i v i t y .  The research behind the  NCHRP Report #228 (see 
pp. '12-1 5 )  suggests t h i s  approach w i l l  c o n t r i b u t e  undesi rable v a r i a t i o n s  
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to  the performance of the system, without eliminating the unwanted 
sensi t ivi ty .  Specifically, quantization w i  11 add random errors to the 
measuirernents obtained and will be most serious as a problem on smoother 
roads. On the other hand, hysteresis will consistently act  to diminish 
the magnitude of the measured roughness s t a t i s t i c  by a percentage that  
variels w i t h  the roughness amp1 i tude. Perhaps the most problematical 
aspect of introducing quantization and hysteresis i s  that  they render 
the system nonl inear ( i  . e., the o u t p u t  measurement i s  not a1 ways 
exact .1~ proportional to  the wheel motion input). Linear systems can be 
readily calibrated by measuring the input/output amp1 i tude re1 ationship 
under arbi t rary conditions which may be rather a r t i f i c i a l  in nature. 
However, with nonlinear systems, the relationship obtained i s  sensit ive 
to bolth the calibration i n p u t  amplitude and the i n p u t  spectral qual i t ies .  
Hence, the problems in calibration of Horizontal Bar devices ins tru- 
mented similar to  the current prototype, may be expected to  closely 
parallel the past experiences w i t h  the Bump Integrator. 
Measurement of Road Profiles - 
The Horizontal Bar device offers potential capabi 1 i ty for  measure- 
ment of road profiles ( a lbe i t ,  a labor-intensive method) i n  less  developed 
countries, w i t h  some modifications. Road profiles,  obtained w i t h i n  a 
reasonable degree o f  accuracy over an appropriate bandwidth for  a ser ies  
of road t e s t  sections, are  an adequate data base from which to  establish 
the calibration of f i f t h  wheel and vehicle-mounted Bump Integrators, or 
comparable equipment. To be suited t o  t h i s  application, equipment and 
procedures of the following nature would be needed: 
1 ) Bar leveling - The horizontal bar serves as a segmented datum 
l ine i n  the measurement of the profile.  I t s  position must be known 
accurately d u r i n g  measurement of each profile segment. I t s  longitudinal 
position for  each measurement setup can be established relat ive to a 
beginning benchmark point w i t h  acceptable accuracy using a simp1 e tape 
measure. I t s  vertical positioning i s  c r i t i ca l  inasmuch as random errors 
will introduce f i c t i t i ous  components t o  the profi le  a t  six-meter and 
longer wavelengths. While the exact 1 eve1 of accuracy needed i s  yet  to 
be determined, i t  will probably be on the order of a fraction of a 
millimeter end-to-end on the bar. The bar can e i ther  be leveled to  
th i s  accuracy or ,  a1 ternatively,  placed a t  a convenient slope, the slope 
being measured to the same accuracy and suitably recorded w i t h  the data. 
2 )  Profile elevation - The profile elevation re la t ive  to  the bar 
is obtained from the rol l ing wheel. The device should be configured to  
produce an analog elevation signal with a resolution of 0.25 mm and 
w i t h  hysteresis components less  than 0.025 mm. This will require that  
the follower wheel be carefully prepared to  run true and that  the ver- 
t ical  transducer be of reasonably h i g h  qual i ty w i t h  precision 1 inkages. 
Of special concern in th i s  respect i s  deflection of the bar. The bar 
i s  the datum 1 ine; hence, forces imposed on i t  by the operator pushing 
the c:arriage, f r ic t ion  i n  the wheel suspension or other sources, will 
produce errors in the profile.  Bar deflections that  will occur with 
suspension f r ic t ion  are  hysteretic e f fec ts ,  and even though not easily 
noticeable, they w i  11 deteriorate the qual i ty of the measured profile 
i f  too much in excess of the hysteresis 1 imi ts proposed. If operator 
hand forces on the bar produce vertical deflections more than a fraction 
of a millimeter, he will inadvertently add periodic components to the 
profiile a t  the wavelength of his s t r ide.  Furthermore, i f  the bar 
deviates from being absolutely s t ra ight ,  i t  will add an apparent com- 
ponent to  the roughness profi le  equivalent to  i t s  shape. Hence, great 
care must be exercised to  ensure that  the bar i s  the intended straight- 
l ine  datum free from sags or bends in i t s  shape. 
3) Longitudinal position - In order to obtain the longitudinal 
posit:lon dimension of the profi le ,  i t  will be necessary to add a longi- 
tudinal transducer to  the carriage. The output should be an analog 
signall tha t  can be resolved to  bet ter  than 10 mm of distance. This h i g h  
resolution i s  needed because of concern that  high wave number vertical 
profile components may be present due to  the fol lower wheel response to 
surfalce texture. Since the profile must ultimately be digitized to  be 
usefu~l, the digi ta l  samples must be taken a t  a rate  of 3-4 times the 
the h~ighest  wave number i n  order  t o  avoid a  technical  phenomenon c a l l e d  
a l ias ing . "  The way i n  which a l i a s i n g  w i l l  be prevented w i l l  depend on 
the dlata reduct ion method f i n a l l y  selected, bu t  means can be assured 
by having the  l ong i tud ina l  r e s o l u t i o n  on the  order  o f  10 mm. 
Recom~mendations - 
The use o f  the  Hor izonta l  Bar t o  ob ta in  o b j e c t i v e  measurement o f  
a  usefu l  summary s t a t i s t i c  i s  prone t o  many problems. Many o f  the  pro- 
blems a re  comparable t o  those e x i s t i n g  w i t h  vehicle-based systems. The 
f a c t  t h a t  the Hor izonta l  Bar w i l l  measure roughness p rope r t i es  t h a t  
d i f f e r  s i g n i f i c a n t l y  from those t o  which vehicle-based systems are  
sens i t i ve ,  forecasts a  1  i m i  t ed  u t i  1  i ty  as a  c a l i b r a t i o n  device. 
The app l i ca t i on  o f  the  Hor izonta l  Bar t o  hand measurement o f  pro- 
f i l e s  i s  possib le.  Yet many modi f i ca t ions  and c o r r e c t i v e  act ions may 
be needed t o  ensure necessary accuracy. Rather than rework an e x i s t i n g  
device, i t  may be more e f f i c i e n t  t o  develop an a l t e r n a t i v e  device more 
s p e c i f i c a l  l y  designed t o  serve t h i s  func t ion .  
*A1 i a s i n g  occurs when a  pe r iod i c  s ignal  i s  sampled a t  l ess  than 
twice per cycle. I n  the  d i g i t a l  data t h a t  s ignal  appears "a1 iased" 
down t o  a  lower frequency. (See Appendix D. ) 
APPENDIX D 
ROAD PROFILE MEASUREMENT AND INTERPRETATION 
by 
M. Sayers 
In the history and development of road roughness measurement systems, 
the EiMR profi lometer has se t  the standard of precision re1 iabil i ty and 
versa~t i l i ty  to  which a l l  other systems are compared. Because the GMR 
profilometer performs so much better than RTRRM systems and the ear l ie r  
"prof'ilometers" such as the C H L O E ,  there has not seemed t o  be good 
reason for  i t s  users to  seriously examine the performance limits. Yet, 
any instrument does have inherent 1 imitations. In the NCHRP Project 
1-18, for  example, a state-of-the-art GMR profi lometer was used together 
w i t h  a quarter-car simulation to  provide roughness measures for  24 sur- 
faces. These measures were to  be used for  the cal ibration of eight 
I 
I: 
RTRRCI systems and Figure 1 , taken from Reference [ 6 1, shows the re- 
sul t i n g  comparison. While a more-or-1 ess 1 inear trend exists u p  t o  
f a i r ly  high roughness levels (RARV = 2 . 7  in/sec) , indicating excel lent 
1 inear correlation, the profilometer produces unusual 1y high readings for  
the rougher surfaces. The dispari t ies  a t  high roughness levels were 
thought to  be due to some performance limitation of the profilometer, b u t  
the physical mechanisms responsible for  the excessive response, not being 
c r i t i ca l  to  the research, were never c1 ar i  fied. Similar performance has 
been observed in the Brazilian project. Before a universal roughness 
measure i s  adopted, i t  i s  vital  that  the profile measurement process be 
we1 1 understood. 
To provide insight into th is  concern, consider the design and 
opera~tion of an iner t ia l  (GMR-type) profi lometer system. Conceptual ly ,  
an iner t ia l  profilometer i s  a simple device, using two common transducers 
and slome minimal electronics to  convert pavement elevation of a wheel 
track: into a signal that  i s  e i ther  stored or processed to obtain a summary 
s t a t i s t i c  fo r  the pavement. An accelerometer i s  attached to the body of 
a vehicle, measuring the vertical acceleration of the body. A signal 
proportional to  acceleration i s  produced, and integrated twice, e i ther  
e1ect:ronically or w i t h  a digi ta l  computer. This yields a signal that i s  
ideal ly proportional t o  the vertical position o f  the vehicle body, re1 at ive 
P r o f i  1 ometer ARV ( i n/sec) 
> <
Figure. 1.- Comparison of  roughness measurements from GMR prof i 1 ometer 
and eight RTRRM systems. 
t o  an inertial reference. A second transducer simultaneously measures 
the distance between the vehicle body and the pavement, a t  a location 
directly under the accelerometer. The signal from this transducer i s  sub- 
tracted from the twice-integrated accelerometer signal , thus yielding a 
signal proportional to the pavement elevation relative to an inertial 
reference. While both transducers contribute t o  the overall signal , most 
of the low-frequency content i s  provided by the accelerometer, with the 
high-frequency content coming from the displ acement transducer. 
The accel erometer senses two phenomena-accel erati  on in the di rec- 
tion of i t s  mounting axis and the component of gravity also acting in the 
axis direction. Acceleration i s  a purely dynamic variable; i t  i s  a 
function of time and frequency, b u t  by i t se l f  i s  completely unrelated t o  
distance aria wavelength. Thus, the profi l e properties measured by the 
accelerometer are converted analytically, using the vehicle speed. As 
Figure 2 shows, the frequency content of the acceleration signal i s  
primarily in the range of 1-15 Hz for a typical passenger car or l ight  
truck. A t  lower frequencies, the content i s  low and the classic concern 
about tihe signal/noise ratio becomes important as the signal ampl i tude 
drops. The double integration process acts t o  weight the frequency con- 
tent of' the acceleration signal by a factor inversely proportional t o  the 
frequency squared. This strongly attenuates the hi gh-frequency content 
of the signal, while greatly amplifying the low-frequency content (see 
Figure 3 ) .  Since th is  factor i s  infini te  a t  zero frequency, any DC off- 
se t ,  ncl matter how small , will rapidly accumulate and grow. A1 so, any 
electronic noise existing a t  low frequencies, which effectively 1 imits 
the tra~nsducer resolution w i  11 a1 so be greatly ampl ified. For example, 
a resolution of 0.07 inches (after  integration) a t  1 Hz corresponds t o  
an acceleration resolution of 0.001 g's.  Yet a t  0.7 H Z ,  the same accelera- 
t i o n  resolution, when doubly integrated, results in a displacement resol u -  
tion of 1.0 inches. In practice, th is  high amplifi.cation of low-frequency 
content; appears as a drifting problem, w i t h  the ultimate result t h a t  i t  
i s  imposs:ble t o  measure the very low-frequency components of road pro- 
f i l e .  To reduce the unwanted drifting, GMR-type profilometers have 
high-pass f i l t e r s  that cut out the low-frequency content, such that the 
low-frequency 1 imitations are mainly dependent on the f i 1 t e r  response 
1 10 100 
log Frequency (Hz) 
Figure 2. Example of PSD of accelerometer signal on  GMR Profilometer. 
1 10 100 
log Frequency (Hz) 
Figure 3.  Example of PSD of doubly-integrated accelerometer 
signal from profi lometer. 
properties. Since the transducer 1 imitations are frequency dependent, 
the corresponding 1 imitation expressed as wavel ength i s  dependent on the 
operating speed of the profilometer. For example, i f  the practical 1 imit 
of the accelerometer i s  0.2 Hz, the corresponding wavelength i s  400 
ft/cycle when the profilometer travels a t  55 mph. B u t  i f  the profilometer 
i s  traveling only a t  20 mph,  the physical limitations s t i l l  keep the 
lower frequency limit a t  0.2 Hz, a1 t h o u g h  this now corresponds t o  a 150- 
foot wavel ength. 
The second variable included in the accelerometer signal i s  the 
gravity component, proportional t o  the cosine of the angle of the measure- 
ment axis, relative to  horizontal. The angle of the measurement axis i s  
actually the combined effect of pitch and roll of the vehicle body. These 
effects are' a1 ways small and thus negl igi bl e compared t o  the vertical 
acceleration, except a t  1 ow frequencies. Since the low-frequency response 
i s  a1 ready 1 imi ted by the high-pass f i l t e r s ,  the ti1 ting of the accelero- 
meter i s  normally not a problem in practice. 
A1 1 in a1 1 , the nature of the accelerometer signal , together with 
the dolib1 e integration process, 1 imi t s  the capabi 1 i t y  of the measured 
profile a t  low frequencies. A GMR profilometer i s  n o t  suitable for 
accurately measuring the large, slow changes i n  profile attributable t o  
h i l l s  and such. Likewise, a two-track GMR profilometer i s  no t  suitable 
for measuring the underlying road camber. Sti 11 , higher frequency roll 
features are replicated. Public opinion on road roughness i s  thought t o  
be related to ride vibrations above 0.5 Hz, and the accelerometers on a 
GMR profilometer should certainly be capable of providing b o t h  the verti- 
cal and roll components of roughness above 0.5 Hz for the application 
needed in Project 1-23 i f  the profilometer i s  used a t  normal highway 
speeds. b 
The other transducer in the GMR profilometer, which measures the 
paveme~~t-to-vehicle-body distance, has both frequency and geometric 
1 imitations. The traditional device used for measuring this  distance 
involves a small follower wheel, held on the pavement with a s ta t ic  force 
of several hundred pounds, and a linear displacement transducer such as 
a potentiometer. This device performs i t s  j o b  well when properly designed 
and maintained, b u t  does have properties-summarized in Figure 4-that 
ul timat:ely 1 imi t i t s  performance. The fol 1 ower wheel i s  a mechanical 
system w i t h  mass and compliance, and thus has resonance properties (see 
Figure 4a). The follower wheel assembly typically resonates a t  a fre- 
quency near 100 Hz, regardless of the profilometer speed. Thus, a t  100 
HZ, the measured displacement will be much greater t h a n  the actual dis- 
placement, b u t  a t  frequencies less t h a n  50 Hz, the amplification should 
be sl ight ,  giving good agreement between the actual and measured motions. 
A t  55 nrph, the 50 Hz limit corresponds to a wavelength of 0.61 ft/cycle. 
I n  order to locate the resonance a t  this frequency, the t i r e  i s  made of 
sol id urethane to increase i t s  stiffness and the whole assembly i s  made 
as 1 ight as possible. The follower wheel also distorts the true displace- 
ment signal. because of geometric effects. Due t o  i t s  f i n i t e  curvature, 
i t  will roll over sharp corners, rather t h a n  following them exactly, 
adding i t s  radius t o  that of the bumps. Also, i t  will respond to small 
\ 
bumps more than i t  will t o  small depressions (Figure 4b) .  Obviously, 
this  effect i s  reduced by designing the follower wheel t o  be as small as 
possible. No t i r e  or wheel i s  truly round, and an apparent sinusoidal 
component wi 11 be added a t  the wavelength corresponding t o  the circum- 
ference of the follower wheel, which i s  typically 1 . 5  f t  (Figure 4c). 
This error i s  reduced by grinding the t i r e  t o  tolerances of .001 inch or 
less. The upper frequency response limit of the profilometer i s  deter- 
mined by these three effects together. 
Probably the most serious problem with a follower wheel i s  that i t  
can bounce and actually leave the ground (Figure 4 d ) .  Once off the 
ground,, the mass of the wheel i s  no longer coupled t o  the high stiffness 
of the urethane t i r e ,  b u t  only to the s ta t ic  loading of several hundred 
pounds. Bounce of the follower wheel i s  no t  correctable by post- 
processing of data; rather, i t  can only be el iminated by increasing the 
s ta t i c  load (and thus increasing wear of the t i r e ) ,  or by runn ing  the 
profilometer a t  a reduced speed (and thus losing f idel i ty  for long wave- 
lengths due t o  the accelerometer 1 imitations). I t  should be noted that 
. the 1 inlited compl iance of the sol i d  t i r e  i s  needed t o  reduce the bounce 
problem by absorbing some of the very high frequency roughness (associated 
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Figure 4. I l lu  t ra t io  of measurem n errors due t o  follower wheel, with 
resuhing eefects on pro 7.7 I e P S D .  
with edges and sharp corners in the profile) which are more 1 i kely t o  
cause bouncing. But  the compliance must be kept low enough to keep the 
mechanical resonance frequency well above the frequency range of interest. 
Finally, the response of the follower wheel t o  the distribution of 
roughness over i t s  width i s  not clear. Figure 4e compares three possible 
responses to three-dimensional bumps. The soft pneumatic t i res  of 
passenger cars tend to envelop bumps and transmit forces somewhat pro- 
portional to the total deflections under the contact patch, Note t h a t  the 
profile that would be measured with a very narrow follower wheel does n o t  
differentiate between the t h i n  bump and wide bump. On the other hand,  
the wide follower wheel gives a harsher representation t h a n  the pneumatic 
t i r e  because i t  always responds to the highest point underneath i t ,  
rather than' the overall average. 
Road follower wheels are being abandoned in many of the new GMR 
profilometers in favor of displacement transducers which do not physi- 
cally contact the ground. These so-called non-contacting probes operate 
either by reflections of a 1 ight beam on the pavement, detecting i t s  
angular position relat ive to a sensor (see Figure 5 ) ,  or by broadcasting 
sound waves and detecting the echoes. Each of these devices have accuracy 
1 imi tations due t o  resolution, frequency response, and geometry. Devices 
that involve timing of l ight  or sound pulses will have inherent frequency 
limitat,ions. Obviously, the signal can be updated only as frequently as 
the pulses are generated, which results in a theoretical maximum fre- 
quency content of one-half of the pulsing frequency. The devices t h a t  
operate on an optical image projected on the ground have the potentially 
desirable feature that the image area results in an average elevation over 
an  area t h a t  can be easily adjusted by varying the image. The acoustic 
devices,, on the other hand, are expected t o  have a displacement sensitivity 
over anr area that  may or may not be easily adjusted, b u t  nonetheless needs 
t o  be quantified (see Figure 6 ) .  The non-contacting probes, being 
in t r imical  ly more compl icated than a 1 inear potentiometer, could 
potential 1y have quantization, hysteresis, and signal -to-noise problems 




=*---- u----,  ---  
-- - 
Note: Sensitivity of probe to surface elevation is shown by 
shading, with the darkest shading indicating maximum 
sensitivity. 
Figure 6. Simple diagram of acoustic non-contacting probe operation. 
Any signal t h a t  i s  generated periodical l y ,  or sampled periodical l y  , 
can have aliasing problems i f  the frequency content of the variable being 
measured extends above one-half of t'he sampling frequency (see Figure 7 ) .  
Rather than showing the high-frequency "harsh" roughness, t h a t  contributes 
only sl ightly t o  overall roughness ratings, the measured profile shows 
fictitious features with 1 ower frequency content t h a t  i s  more important 
t o  overall roughness measures. 
In concluding this discussion on profile measurement, consider the 
basic j o b  of a profilometer, which i s  the task of reducing a three- 
dimensional pavement surface t o  a two-dimensional profile description. 
Figures 8a and 8b compare two different, b u t  equally valid, profile 
descriptions of a road surface. The f i r s t  represents the surface by two 
line profiles. The second shows the profiles as being taken for slices 
of pavement, where the profile elevation a t  each longitudinal point is  an 
average of the surface elevation taken over the width of the slice. Given 
t h a t  the pneumatic tires of  a passenger car contact pavement over a small 
area--the so-called contact patch-the second concept of a profile is  more 
representative of the actual roughness input imposed on a vehicle. 
Clearly, a profile t h a t  i s  an average over a wide area will have 1 ess 
"harshness" than the profile of a narrow track, as the narrow track will 
include small features t h a t  are averaged o u t  in the wide track. As a 
result, the hi gh-frequency content of the narrow track prof i 1 e should be 
greater t h a n  t h a t  of the wide track (see Figure 8c). Clearly, a rough- 
ness numeric with a frequency weighting based on "narrow" profiles will 
not  be guaranteed t o  be correct when applied t o  "wide" profiles unless 
the nlumeric i s  based only on wavelengths much longer than the width. 
Along the same 1 ine, a potential complication in interpreting "road 
profile" i s  that the road i s  described by two profiles, which b o t h  affect 
vehic.1 e ride equal l y  , and furthermore, which are strongly correlated in 
amp1 i tude and have a high coherence over some frequencies. (That is ,  
a definite phase angle relationship exists over a broad range of wave 
numbers. For  small wave numbers (long wavelengths), b o t h  tracks are in 
phase and have a high coherence. For higher wave numbers, the two pro- 
fi les are partially in phase, and a t  even higher wave numbers corresponding 
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Figure 7.  Example of fictitious profile measurement caused by 
a1 iasing when profi le i s  measured a t  discrete intervals. 
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Figure 8. Illustration of profile width.  
texture, the two profiles are  independent. Usually , though, the amp1 i - 
tudes, as characterized by PSDsy are  similar over the ent i re  wave number 
range. ) 
To some extent, the e f for t  needed to  analyze the contributions of 
each track profile to  vehicle r ide-and hence public o p i n i o ~ a n  be 
reduced by considering the road input differently.  Due to the symmetry 
of a passenger car between the l e f t -  and right-hand sides, the bouncing 
and pitching motions are  essentially decoupled from the roll ing and 
side-to-side motions when the vehicle i s  traveling i n  a s t raight  1 ine. 
The bouncing and pitching motions are excited by a single input which i s  
the average of the right- and left-hand track inputs, and termed "verti-  
cal profile" i n  th i s  discussion. (This function i s  time delayed between 
the front and rear axles by a time equal to  the wheel base divided by 
vehicle speed.) The rol l  and la teral  motions, on the other hand, are 
excited only by an input which i s  the elevation difference between the 
two track profiles and termed "roll  profile." (The roll  profile i s  also 
time delayed between the front and rear axles.) For an isotropic sur- 
face, the vertical profile i n p u t  i s  independent of the rol l  profile 
input, defining a coherence function of zero. Two-track profile measure- 
ments made during the 1-18 project showed that most of the road sections 
used in the correlation program d i d  in fac t  show 1 i t t l e  coherence between 
t h ~ v e r t i c a l  and rol l  components (see Figure 9 ) .  Taken together, th i s  
means that often vehicle ride motions in the vertical direction have no 
cohe!rence w i t h  the roll motions ( tha t  i s ,  a t  any frequency there i s  no 
consistent phase angle between the two inputs) and thus separate fre- 
quency-amp1 i tude weightings can be easily appl ied. (An  exception to  th i s  
i s  the case of a road where one track i s  significantly rougher than the 
other. When the vertical profile increases, i t  i s  usually due to the 
rougher track which simultaneously causes a roll  that  i s  therefore in 
phase with the vertical input.) 
Although the vertical and roll  profiles usually have low coherence, 
i t  i s  true that a surface w i t h  a "rough" vertical profile will usually 
have a "rough" rol l  profile.  When the PSD o f  the rol l  profile i s  ratioed 
to the PSD of the vertical profile,  as shown in Figure 10, a certain 
WRVE NURBER (CYCLE/FTI 
Figure 9. Coherence between roll and v e r t i c a l  p r o f i l e s  o f  
t y p i c a l  road. 
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Figure 10. Ratio of ro l l  PSD t o  ver t ical  PSD for  typical road.  
commonality i s  observed when a number o f  roads are  compared. That i s ,  
al though the  r o l l  and v e r t i c a l  p r o f i l e s  u s u a l l y  have no phase r e l a t i o n -  
ship, simple numerics based on t h e i r  amplitudes w i l l  be co r re la ted  f o r  
a sample o f  roads. This  r e l a t i o n s h i p  between PSDs can lead t o  problems 
when t r y i n g  t o  r e l a t e  the  two numerics t o  a sub jec t i ve  r a t i n g  scale i f  
s t a t i s t i c a l  methods a re  adopted t h a t  assume independent var iables;  
however, s ince  on ly  two s igna ls  a re  involved, t he  problem i s  manageable. 
I f  numerics based on the  v e r t i c a l  p r o f i l e  a re  found t o  c o n s i s t e n t l y  
c o r r e l a t e  e i t h e r  b e t t e r  o r  worse w i t h  sub jec t i ve  r a t i n g s  than numerics 
based on r o l l  p r o f i l e ,  an ordered stepped regression ana lys is  would be 
a reasonable and cons i s ten t  measure o f  performance o f  the  candidate 
t r a n ~ ~ f o r m s .  
Since the  o r i g i n a l  AASHO road se rv i ceab i l  i ty tes t ,  highway 
engineers have been ca re fu l  t o  d i s t i n g u i s h  between r i g i d  and f l e x i b l e  
types o f  pavement when contending w i t h  roughness proper t ies .  One o f  
the  i n t e r e s t i n g  accompl ishments o f  the  NCHRP 1-18 p r o j e c t  was the  
cha ra~c te r i  za t i on  o f  r i g i d  and f l e x i b l e  pavements by representa t ive  PSDs. 
Essen t i a l l y ,  r i g i d  pavements have r e l a t i v e l y  more h igh  wave number rough- 
ness and l ess  low wave number roughness than f l e x i b l e  pavements. Thus, 
roughness measures t h a t  respond t o  the  h igh  wave number content  a re  
biased against  r i g i d  pavements and need a c o r r e c t i o n  term i n  e m p i r i c a l l y  
der ived regression equations. L i  kewise, devices t h a t  respond more t o  
the  low wave number roughness, such as the  PCA meter mounted i n  a pas- 
sengelr car,  a re  biased i n  favor  of r i g i d  pavements. The f a c t  t h a t  
separate regression equations used i n  the past  must be provided f o r  
d i f f e r e n t  pavement types i s  evidence t h a t  t he  o b j e c t i v e  measures t h a t  
were used d i d  n o t  have a frequency bandwidth t h a t  matched t h a t  o f  a 
passenger car-passenger combination. A roughness numeric should be 
equa l l y  v a l i d  f o r  both pavement types i f  i t  i s  developed c o r r e c t l y  t o  
t r u l y  r e f l e c t  p u b l i c  opinion. 
